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AN INTRODUCTION

H. Stuart
Niobium Products Company Inc.
Pittsburgh, Pennsylvania. USA

AN INTRODUCTION and yet, less than ten percent of this total
benefits from the use of microalloying to
increase its strength and toughness. Is

This present symposium represents an there some fundamental engineering reason
important milestone in a series of symposia why this is the case? Are microalloyedwhich have, over the years, taken the steels too expensive or is it simply awhic hae, verthe ear, tkenthematter of time before microalloyed steels
subject of high strength low alloy steels as ate o ore mioateoyed steelstheir theme. Looking back, this series of are more universally adopted in structures.
conertee prooknbablhis starte in 19It remains a fact that microalloying appearscon fe rences p rob ab ly star ted in 196 3 wh ento h v re c d s me eg e of t a n ythe British Iron and Steel Research to have reached some degree of stagnacy
Associate (BISRA) and the British Iron and during the last few years, certainly if weuse world niobium shipments as a barometer,Steel Institute held a conference in and I hope that one result of this present
Harrogate, England, called "Metallurgical conference might be a clarification of theDevelopments in Carbon Steels". The c n e e c i h e a c a i i a i n o h

current and future statu3 of applicationsproceedings of this conference contain a for this class of steels. We know much
number of papers which refer to the effects about how the steels are made by the steel-
of microalloys, or, in the words of I. M. maker and we are knowledgeable in their
Mackenzie in his foreword "elements such ,s applications in the fields of pipelines and
nitrogen, niobiumn, aluminum and boron". In automobiles. But what of other applications?
the 25 years that have followed, many Is it unrealistic to expect much more carbon
conference proceedings have cronicled the steel to be made using microalloying? That
developments of this microalloying is my question, and I hope in the next five
technology and the applications for steels days our symposium will provide he answer.
which develop their properties on its
basis. Some of the most auspicious meet-
ings were held in Scarborough, England
(1967); Nuremburg, West Germany (1970);
Cleveland, Ohio (1972 & 1975); Washington,
DC (1985); Pittsburgh, Pennsylvania (1981);
Philadelphia, Pennsylvania (1983);
Wollongong, Australia (1984); and Beijing,
China (1985). It has become clear from
these conferences that there are essentially
three microalloying elements of primary
importance - niobium, vanadium and
titanium. In 1963, Mackenzie wrote "Carbon
steels are produced in vastly greater
tonnages than any other type of steel and
thus, from an economic point of view, carbon
steels can be classified as the most
important product of the steel industry.
This remains true today. Probably more than
500 million tonnes of carbon steel are
consumed annually by the world's industries,
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METALLURGICAL FUNDAMENTS
FOR HSLA STEELS

Paul E. Repas
USS Technical Center

Monroeville, Pennsylvania 15146 USA

ABSTRACT learning how to design with, form, and fabri-
cate this class of steels. The end result is

The continuing development and application of obvious: HSLA steels have become widely
HSLA steels has evolved in part because of the accepted and, in many applications, totally
constantly increasing technology base associ- dominate the market, as will be discussed by
ated with these steels as well as the con- others in this conference. The acceptance of
stantly increasing sophistication in the these steels is a direct result of the attrac-
equipment and techniques used to produce such tive combinations of properties that can '
steels. The properties and service performance developed in these steels, and it is the metal-
of HSLA steels depend for the most part on the lurgical fundamentals that allow these proper-
compositions and microstructures of these ties to be controlled, which will be addressed
steels which, in turn, are controlled by steel- in this paper.
making and steel processing. Because there are
extensive differences in property requirements The control of properties in HSLA steels is
within and among various steel product forms, accomplished by the control of the composition
numerous steel compositions and processing and microstructure of these steels. The term
paths have evolved to satisfy various product "microstructure" here is meant to include all
applications. A review of the effects of steel aspects of the steel structure--from the atomic
composition and microstructure on steel proper- scale of interstitial and substitutional atoms
ties is given, followed by an examination of in the iron matrix, through dislocations and
the basic processing factors that control finely dispersed precipitates, through coarser
microstructure. The control of microstructure second-phase particles and inclusions, and the
through steel composition, slab heating, rough- conventional description of ferrite and carbide
ing and finish rolling, controlled transform- phases (grain size and shape, carbide type and
ation after rolling, and, in some products, distribution, etc.). The control of this
during subsequent processing is shown to be of "microstructure" in specific steels depends on
fundamental importance to the successful pro- the control of both steel composition and steel
duction and application of microalloyed HSLA processing and allows the development of spe-
steels. cific sets of mechanical properties for indi-

vidual applications. The mechanical properties
NUMEROUS REVIEWS of the historical development of most common interest include strength,
and of the fundamental metallurgy of micro- ductility or formability, and notch toiih 's,
alloyed high-strength low-alloy (HSLA) steels whereas specific applications may, for example,
have appeared in various conference proceedings require steels with improved weldability,
over the past 25 years (1-18). Through these improved levels of through-thickness ductility,
references one may follow the development and improved corrosion resistance, or improved
production of HSLA steels from rather empirical resistance to hydrogen-induced cracking (HIC),
beginnings to the present more scientific and sulfide stress cracking (SSC). The proper-
basis. This evolution of microalloyed steels, ties required for specific applications are
both In production and in application, has associated with improved fabricability of the
resulted because of the constantly improving steels and/or improved service i'erformance.
technology base, because of the sophistication Naturally, design considerations play an
in equipment and techniques for steelmaking, equally important role in determining the
casting, hot working, and subsequent process- service performance of any steel component or
ing, and, because of the user's persistence in structure, but design will not be discussed in

3
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this paper. these terms for hot-rolled (or TMCP) steels
with ferritic microstructures. As shown,

Because various product forms (e.g., refined ferrite grain sizes, and precipitation
plates, structurals, sheets, bars, tubular hardening can provide substantial increases in
goods, forgings) can undergo significantly strength in such steels and, in fact, are the
different processing historieq: it is useful to primary contributors to strength in many hot-
first review the relationships among properties rolled HSLA steels. The contribution of azs
and microstructure and then examine the rela- and CDs L are generally small in most hot-rolled
tionships among processing and microstructure products, but there are exceptions to this rule
so that an overall picture can be gained of the in that nitrogenized steels can contain a sig-
important microstructural features that need to nificant Crss term, and dislocation strengthen-
be controlled and of how they may be con- ing (aDSL and asud can be present in inter-
trolled. By knowing the required properties critically rolled products or steels trans-
and microstructure for a given application, a formed to acicular or bainitic ferrite.
combination of steel composition and thermo- Second-phase hardening, for example by pearlite
mechanical processing conditions can be better in ferrite-pearlite steels, does not contribute
defined to achieve the particular microstruc- to yield strength but does contribute signili-
ture/property objectives. cantly to tensile strength in low-carbon

steels. Other second phases, such as marten-
MICROSTRUCTURE/PROPERTY RELATIONSHIPS site or the martensite-austenite (MA) constit-

uent in dual-phase ferrite-martensite steels,
For the mechanical properties of general can actually decrease yield strength while

interest, empirical relationships have been increasing tensile strength.
developed between composition and microstruc-
tural features and specific properties as It should be noted that even simple changes
briefly outlined below, in the composition or processing practice of

HSLA steels generally produce multiple effects
STRENGTH - A modified Hall-Petch relation- in terms of the various factors in Eq. (1).

ship can generally be used to describe the For example, if a small Ni addition is made to
yield or tensile strength of low-carbon steels a microalloyed steel, no solid-solution harden-
in terms of compositional and microstructural ing is expected, but as will be described in a
features, Eq. (1). later section, the austenite-to-ferrite trans-

formation is affected, and changes in both
= U + Usss " Ciss + + 

0
DSL + USU8 + grain size and precipitation hardening can

occur. Similarly, changes in processing
UsPH + ky d-1/ 2  (I) practices can simultaneously influence several

of the terms in Eq. (1).
In this equation, a. and ky are constants, and
the various sigma (a) terms represent the ASTM NO.
intrinsic matrix hardening (co), substitutional 4 6 8 10 11 12 13 14 15

solid solution strengthening (asss), intersti-

tial solid solution strengthening (ass), pre-
cipitation strengthening (OppT), dislocation 500 50 20 10 5 4 3 2 15

strengthening (ODSL), substructure strengthen- I I ' ' '
ing (asuB), and second phase strengthening 600
(asp). The term d is the ferrite grain diam- so
eter. Of all the terms on the right-hand side 500
of thp Pnuation, only o, and a,,, are indepen- ,,,(MPa)=83+18d
dent of the processing history of the steel. 60
The substitutional solid solution strengthening 0
term [kmn(%Mn) + kSi(%Si) + kP(%P) + kcu(%Cu)
+ k5 i(%Ni) + ............. I for ferrite depends 300 .40

only on the amount of each element present (%x)
and its relative strengthening effect (kx) and 0 005-o2ooc

can be consistently relied on in hot rolled, 20

thermomechanically controlled processed (TMCP), 100

normalized, or annealed products. All the
remaining terms are dependent both on composi- 0 4 8 12 16 20 24 28

tion and processing history and will be dis- d ", mm
cussed in more detail in the section on
Processing/Microstructure Relationships.

Fig. 1 - Relationship between conventional
To provide some insight into the relative lower yield stress and (grain diameter)-11 2

contributions of each term in Eq. (1) to yield (Ref. 19)
strength, Figures 1-3 and Table 1 give repre-
sentative values or ranges for the magnitude of
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500 1 "DUCTILITY - The term "ductility" has a
Experimental variety of meanings to the steel producer or

M" steel user, including uniform or total tensile
;200 7'/ \elongation, reduction of area, strain-hardening

- 200 exponent (n-value), stretchability, drawabil-
20 ity, bendability, and forming limit. Regard-

10 v less of the measure of ductility selected,
Nb/ A I increasing strength levels invariably produce

z .<. _ 1 1 lower tensile elongation values and decreased
formability. However, different types of

z 50 steels may have different strength-ductility
_o 5 relationships on an absolute scale so that at

rd-e any given strength level, steels with different. Predicted .

N,5' ductility levels can be found. As shown in
20- Figures 4 and 5 for hot- and cold-rolled sheet

2 products, different levels of ductility can be
obtained at any given strength level depending

000 0 | on the strengthening mechanism(s) employed.
0 0002 0 0005 0001 0 002 0005 0 01 0 02

PRECIPITATE FRACTION. I

Fig. 2 - The dependence of precipitation TENSI/ F STRENGTH ks.
strengthening on precipitate size (x) and 540 50 60 70 80 90 100 110

fraction according to theory compared with IF Sleeis

experimental observations for given micro- . 45 -

alloying additions (Ref. 20-21) 40ionSel Slto

40 Hardened
r ~ Steels

+ 300

PPhasep __::. .. Steels
( 225 30Wn +30

I- Sc9 < ir

+150 5 Am ed
-+20 0tH I

LU-

7-U
ZMn 20

u +75+ 10
(Dz 300 400 00 600 700
< TENSILE STRENGTH. MPa

0 C, \Nior Al 0 Fig. 4 - Strength-elongation relationships for
various hot-rolled sheet steels

-75 ____________________ -10

05 1 0 1 5 20 25
ALLOY WEIGHT.

Fig. 3 - Solid-solution strengthening of
ferrite (Ref. 22) TENSILE STRENGTH ks.f20 4 60 8o CI O 2o Co

.I \ I ow C\Seels

Table 1 ,0

Representative Contributions to So ":C:.U-

Yield Strength in Hot-RolledZ 30

Microalloyed Low-Carbon Ferritic
Steels, MPa

Acicular
Polygonal or Bainitic Intercritically ,
Ferrite Ferrite Rolled Ferrite Renoery

CO - AnneaIe

oO 80 80 80
oSSS 10-150 10-150 10-150 L
oISS 0-70 0-70 0-70 oe 400 6o eon 'ono

oPPT 70-250 70-250 70-250 TENSILE STRENGTH MPa

DSL - 0-200 - Fig. 5 - Strength-elongation relationships for
SUB - - 0-150 various cold-rolled sheet steels (Ref. 23, 24,
oSPH --kyd - /2 150-300 150-300 150-300 25)

kyd- -5



Thus, judicious choice of or avoidance of
particular strengthening mechanisms must be
made in the design of alloy and processing eare
practices for specific applications. For +2 SC/. Dislocations

example, dual-phase (ferrite-martensite) steels ITT(,o

offer the maximum elongation for a given

tensile strength for both hot- and cold-rolled y--- e---ess

sheet products, but such steels may only be
required for the most difficult formingI -,_

application and could be an unnecessarily
expensive choice of steels. Cold working is Grin

probably the least expensive strengthening Rehnereo

mechanism (cold rolling of an unalloyed low-
carbon steel), but such steels provide little 08CMPa

residual ductility for further cold forming
during fabrication. The major portion of HSLA
steels in all product forms use combinations of Fig. 6 - Microstructural factors affecting
solid solution elements and microalloying yield strength and impact transition
elements for strengthening. temperature (Ref. 22)

NOTCH TOUGHNESS - The resistance to brittle
failure or notch toughness of steels is
commonly measured by Charpy V-notch impact I .
testing and is an extremely important consider-
ation for high-strength plate and structural
products intended for constructional, ship- Shit to Lower Dutle Shelf Energy

building, line pipe, offshore, pressure vessel, T-p SbyDecreasingr icreasedbyLower
Strength Jor 4m Strength Lower C

and other applications. The ductile-to-brittle Gefih,_ne Imprroved Cleanness

impact transition temperature (ITT) can gener-
ally be described by an equation similar to the
Hall-Petch type equation given earlier for T
strength, Eq. (2), and, as I ar

a: Fracture75 - pparance

ITT =T o + ATss s + ATs s + &TppT + ATDsL + e

b~s p, - kd-' 2(2) z0 a
50- Shear Fracrore

I AppearaeceI Transbon

shown in Figure 6 for some common strengthening o.25 Temperature

mechanisms, the impact transition temperature
is raised by all factors except grain refine- , L
ment, which, as shown, can significantly lower TEST TEMPERATURE

(improve) the transition temperature. The
ductile shelf energy, or impact energy absorp- Fig. 7 - Schematic CVN curves
tion, of a steel depends primarily on strength
level, steel cleanness, the presence of second
phases (such as pearlite), and, of course, test
specimen orientation. Figure 7 shows a sche- FABRICABILITY/SERVICE PERFORMANCE REQUIREMENTS
matic set of CVN curves that illustrate the
major factors controlling the ductile-to- Over and above the strength, ductility and
brittle transiti, curve and the energ:/ absorp- toughness requirements, additional metallurg-
tion curve. Gen ally, the strength level is ical constraints on the design and production
fixed for a particular application and carbon of microalloyed HSLA steels are imposed by
contents (pearlite contents) are low so that fabrication and service performance require-
impact transition temperature can only be ments. Because of the wide variety of product
lowered significantly by refining the ferrite forms and applications for HSLA steels, these
grain size. The shelf energy for a fixed additional constraints can also vary widely.

strength level and carbon content range is
controlled basically by control of inclusion The two major fabrication requirements are
content and inclusion morphology. Numerous formability and weldability. Service perfor-
papers in the symposiums already referenced mance requirements can include numerous fac-
have documented the importance of sulfur tors, usually in combination, such as resis-
content and sulfide shape on the anisotropy of tance to static loading, dynamic loading,
CVN energy absorption, anisotropy of ductility fatigue failure, laminar tearing, corrosion,
in the longitudinal, transverse, and through- hydrogen-induced cracking, stress-corrosion
thickness directions, and in the resistance of cracking, ballistic penetration, etc. It is
certain steel products to hydrogen-assisted not the intent of this paper to review each of
cracking (HIC and SSC). these factors associated with fabrication and
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service performance, but it should be noted where D is the austenite grain diameter, A is a
that the control of steel composition and constant, p the precipitate diameter, and f,
cleanness during steelmaking and casting and the volume fraction of precipitate particles.
the control of microstructure during steel
processing are used to impart specific charac- HSLA steels often employ multiple micro-
teristics to the steel to meet specific fabri- alloying additions in order to achieve a
cation and service performance requirements. balance of microstructural control. For

example, titanium nitrides can be used for

MICROSTRUCTURE/PROCESSING RELATIONSHIPS austenite grain size control during slab heat-
ing, niobium can be used to control recrystal-

As noted earlier, the final microstructure TEMPERATURE 'F

in any steel product depends both on steel 1400 1600 800 2000 2200

composition and processing history. The fol- ..
lowing sections will briefly describe the
interaction between composition and processing 0

in controlling the austenitic microstructure
during heating prior to hot working and during
the hot deformation steps, in controlling the
austenite-to-ferrite transformation, and where 1 ,o

applicable, in controlling the microstructure
during subsequent processing steps.

STEEL HEATING - The heating of steel slabs,
billets, etc., prior to hot working accom-
plishes several purposes including softening 10' N

the steel for hot working, providing a suffi-
ciently high initial temperature so that
finishing passes are completed in the fully 0
austenitic temperature region for some products
(e.g., hot-strip mill sheet), and dissolving
carbides or nitrides that need to be precipi-
tated at some later stage of processing. Along
with these positive effects, the austenite
grain size may be significantly coarsened and
these grains must then be sufficiently refined 70 No 11® 1300
during hot deformation to produce the required TEMPERATURE 'C

ferrite grain size during transformation.
Fig. 8 - Solubility product vs. temperature for

Examining the solubility relationships of eight compounds in austenite

various carbides and nitrides in austenite,
Figure 8, it is apparent that a wide range of
compound stabilities exist from the very stable 1700 IWO 2100 230

or highly insoluble titanium nitride to the I I I
very soluble vanadium carbide. During the *o001 Nb

reheating of steel, a fine dispersion of pre- 00048Nb

cipitated carbonitride particles acts to pin 200 11Nb

austenite grain boundaries and prevent grain
growth. However, at sufficiently high temper-
ature and/or sufficiently long times, the 0011Nb

particles dissolve and/or coarsen so that 0 0118Nb

boundary pinning effects diminish and grain
coarsening occurs. Examples of the grain X /
coarsening behavior of various microalloyed a
steels are shown in Figures 9 and 10, and these OlXNb

data suggest, as one might expect, that the
most stable compounds are more effective in
preventing grain growth at higher temperatures.
It is to be noted that, in addition to the /

solubility considerations, the volume fraction
and size of the precipitate particles are
obviously important inasmuch as the grain 90 0 10 20 3

boundary pinning can be described by Eq. (3). SOAKING TEMP

D = A p (3) Fig. 9 - Austenite grain-coarsening charac-
fv teristic of several Nb-containing steels (Ref.

26)
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TEMPERATURE, *F
1600 1800 2000 2200 2400 Casting Y

1600 1800 I| 1) Reheating a) Reheated

E•
=L300 - Roughingd )Hot-Rolling

2) b) Recrystallized
Delay

S200- Finishing
200-

Z c) Deformed
a.3) Cooling

C-nV A Nb AcceleratedAi

. Ti TIME -

800 1000 1200 Fig. 11 Schematic representation of the TMCP
TEMPERATURE,°'C process (Ref. 28)

Fig. 10 - Austenite grain-coarsening charac- extensively studied in various steels, and
teristics of various microalloyed steels (Ref. microstructural models have been developed
27) (29-32) that allow the calculation of the final

recrystallized austenite grain size as a func-
lization of austenite during rolling, and tion of starting grain size, deformation
niobium and/or vanadium can be used to achieve strain, strain rate, deformation temperature,

precpittionstrngthnin of errte.time sequence of the deformation steps, and the
presence of fine dispersions of grain boundary

DEFORMATION OF AUSTENITE - The deformation pinning particles. Finer initial austenite
of austenite is generally divided into several grain sizes, higher strains and strain rates,
ranges as schematically illustrated in Figure and lower temperatures act to produce finer
11. At the highest temperatures, recrystalli- recrystallized grain sizes. A representative
zation is generally rapid and complete before result of such a calculation for recrystalli-
subsequent deformation steps. Following zation rolling is shown in Figure 12. As
recrystallization, grain growth may occur de- shown, in the presence of effective pinning
pending on time, temperature, and the presence particles, grain growth between deformation
or absence of precipitate particles. At lower steps is suppressed in the Nb steel. In
temperatures, recrystallization may be par- general, such precipitates may pre-exist in the
tially or totally suppressed so that grain steel at the heating temperature or may be in-
flattening and strain accumulation occurs. At troduced by strain-induced precipitation during
very low temperatures, deformation may be ex- deformation.

~~ferrite region so that both austenite and'-

ferrite are deformed (intercritical rolling). ,
As will be shown, these temperature ranges are 200
sensitive to steel composition and to process-
ing variables. Temperature ucl

For the precipitate compounds that were M
dissolved during slab heating, the continual c
decrease of temperature in the workpiece even- -0 - C
tually causes the austenite to become super- --
saturated with respect to compound formation so 0
that precipitate nucleation may occur (particu- N

Slarly during straining) followed by particle 20-

growth.

| ~~RECRYSTALLIZATION DEFORMATION - The general
objective of the initial high-temperature 3 4 5 6 7

deformation steps after reheating of micro- L- _
alloyed steels (aside from shape changes) is to 0 1.TM S1 0

continually refine the austentte grain struc- TM

ture developed at the reheat temperature. The Fig. 12 - Calculated grain sizes in
recrystallization and grain growth steps asso- recrystallization rolled C-Mn and C-Mn-Nb
ciated with each deformation step have been Steels (Ref. 29)

I.~~~~~~ 

.

I' 

--

_mm_ m•i 
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The ranges of strains, strain rate, temper- sprays. Accelerated cooling can also be con-
atures, and times associated with the recrys- ducted before and/or during the initial rolling
tallization deformation of various steel passes (roughing passes), the objective, of
products are fairly broad. For some steel course, being to force the deformation and
products, recrystallization deformation may recrystallization to lower temperatures and
represent the entire austenite deformation thereby maximize austenite grain refinement
cycle. For example, for very thick plates, the (34), especially at the center portions of
temperature may decrease by a relatively small thick sections. A potentially undesirable
amount over the entire deformation cycle and feature of decreasing the deformation tempera-
strains in each rolling pass will be relatively ture is that the deformation resistance of
small. Similarly, heavy structural sections, steels increases substantially, Figure 13,
seamless pipe, and large forgings may be de- thereby increasing power requirements and, in
formed only at high temperatures, although some instances, going beyond the capabilities
deformation strains can be large. To offset of specific plant equipment, or requiring a
the generally undesirable effect of very high greater number of deformation steps (reduced
final deformation temperatures on austenite mill throughput) to achieve final dimensions.
grain size, consideration can be given to using
stable precipitate3 to control the starting
austenite grain size, reducing the reheat ROLLING-PASS TEMPERATURE 'F

temperature, adding time delays to achieve 1400 ,00 800 20 2200
additional radiation cooling, and/or intro- 0 MPa Yeld Stength Steels
ducing one or more accelerated cooling steps 25o Reducton per Pass

(for example, by water spray cooling) between , b

deformation steps. The choice of technique MNO

used will depend on the microalloying system in
use and the particular product form and manu- V-N 60

facturing facility available. tlo
E

For thermomechanically processed (TMCP) 50

plates and hot-strip-mill products, which
receive only a portion of their total deforma- S

tion at the highest temperatures (the so-called 40

roughing passes), the same objective of pro-
ducing as fine an austenite grain size as 6 - T,
possible at this point generally applies. For 35
plate products, somewhat greater flexibility in
the specification of slab reheating temperature /
is available, whereas for hot-strip-mill prod- 4 Mo-Nb

ucts, the slab-heating temperature is rela- 20
tively fixed and usually high (to achieve I . ,
required minimum finishing temperatures). Off- 8EM 90 lowA

TEMPERATURE 'C

setting the higher slab-heating temperatures
and consequent higher rolling temperatures are
the considerably higher strains per pass used Fig. 13 - Comparison of roll-separating forces
on hot-strip mills in contrast to plate mills. of steels that achieve an 80 ksi yield

strength.
Bar and rod mills can produce increases in

product temperature during the finishing passes
(and consequent undesirable microstructural FINISHING DEFORMATION - The final deforma-
effect), because of the very high strains and tion of various steel products can occur over a
strain rates and short interpass times. To very wide temperature range, depending on
offset this adiabatic heating, interstand cool- product dimensions, heating, and rolling
ing sprays are employed for temperature (and practice, and can occur above or below the
microstructural) control (33). austenite recrystallization temperature depend-

ing to a great extent on microalloy content,
DELAYS FOR TEMPERATURE REDUCTION - Because Figure 14. For steels and deformation condi-

of the major influence of temperature on tions that promote austenite recrystallization,
recrystallization and grain growth for recrys- discussion of the finishing deformation is
tallization controlled rolling (RCR) and simply an extension of the recrystallization
because it can be advantageous to deform a deformation section given earlier. However, as
given steel at low RCR temperatures or even temperature decreases, as interpass times
below the RCR temperature, it is desirable to become short between subsequent passes, and as
hold the partially rolled steel and simply microalloying effects are encountered, recrys-
allow it to air cool to some predetermined tallization of the austenite is either incom-
lower temperature before continuation of roll- plete or nonexistent from one particular pass
ing, or to accelerate cool the steel with water to the next. As shown in Figure 15, for
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Nb. wo total deformation schedule is the surface area
o04 008 of grain boundaries per unit volume (Sv), which

105 01922 is considered as a measure of potential nuclea-
I tion sites for ferrite during the austenite-to-

Nb,9
w1832 ferrite transformation. As shown in Figure 16,

aD the value of S increases with increased

2 950 1742 reduction below the recrystallization tempera-
T cc ture and would also increase with finer initial

0 90 T1652 grain diameter (Sv = 2000/Dy where Sv is in

1mm-1 and Dy is in urm). The Sv value is addi-
5A V 1572 tionally raised by the introduction of defor-

mation bands within the austenite grains as
A 1472 indicated in the figure.

0 0050 0100 0150 0200 0250 160
SOLUTE CONTENT atomI

SV(TOTAL) 
+ SV(GB) + SV(oB) SV(TOTAL)

Fig. 14- The increase in recrystallization Sv( 6 6)-Grain Boundary
stop temperature with increase in the level of Planar-Linear Model ]
microalloy solutes for an interpass time of 10 120 SV(OB-Deformation Band /vl06

(After Ouchi)
sec (Ref. 35) (r D1h00lom

E
E

'T 80
1 900C ' IC) 800 C

0 005C-0 17 M
o AlI OOC , 0 13C-0 57 Mn

40 2C 130 M
0 6 a t o 0 1 3C 1 3 5 M 0 03 N bos,' , ,' / 40

02 - - - I I I

20 40 60 80
REDUCTION, %

0 01 02 05 1 2 5 01 02 05 1 2 01 02 051 2 5
INTERPASS TIME $1

Fig. 16 - Effect of grain flattening and
Fig. 15 - Effect of interpass time and steel deformation band formation on S. (Ref. 37)
chemistry on the softening (recrystalliztion)
at three deformation temperatures (A) 1000*C,
(B) 900°C, (C) 8000 C (Ref. 36) AUSTENITE TRANSFORMATION - The final step

in controlling the microstructure in many

products is during cooling from the last
several steels deformed under specific condit- deformation step to room temperature. This
ions, the recovery and recrystallization of transformation is basically controlled by the
austenite, as determined by relative softening cooling path taken through the continuous-
measurements, can be highly time, temperature, cooling-transformation (CCT) diagram for the
and compositional dependent. For a given steel particular steel of interest. Although this
composition, when rolling with these conditions sounds relatively simple, the CCT diagram for a
on a reversing plate mill with interpass times given steel is strongly influenced by the con-
of at least five seconds, recrystallization may dition of the austenite prior to transformation
be essentially complete before the next pass, (the grain size of recrystallized austenite or
while on a high-speed bar, rod, or strip mill the extent of deformation of unrecrystallized
with interpass times of less than one second, austenite), and the fact that the cooling rate
only partial recovery will occur (the next pass is often not continuous (for example, with
or passes, however, may give enough cumulative interrupted accelerated cooled plate and with
strain to produce at least partial recrystalli- hot-strip-mill coils). The task then becomes
zation). These differences in behavior of the design of alloy, microalloying, and austen-
various steels on specific processing equipment ite processing combinations to fit an existing
actually afford the metallurgist with an oppor- facility capability, or the design of new
tunity to design the steel alloy and microalloy facilities usually to accommodate modified
content to produce desired austenite micro- steel compositions and processing practices to
structures throughout and at the end of defor- produce desired microstructures and properties.
mation for the particular product form and
required final mechanical properties. By briefly examining some of the basic

factors that control austenite transformation,
A useful concept in discussing the relative a general understanding of microstructural

condition of the austenite at the end of the control can be gained. The schematic
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continuous-cooling-transformation diagrams of composition on the start of transformation
(dashed and solid lines) given in Figure 17 was determined as shown in Eq. (4).
illustrate the general effects of composition
and austenite condition on transformation. A 3(

0C) = 910-310C-80Mn-20Cu-15Cr-55Ni-80Mo (4)

900 1 1
16o Superimposed on the phase transformation

0 -FeGrainSize diagrams are precipitation reactions that can

A A 1 .4o F 1400 occur either simultaneously with (interphase
14b precipitation) or subsequent to (general matrix

700 ---- - precipitation) the formation of ferrite (39).

! 120o! Clearly, the precipitate sizes, and therefore
W B w strengthening effects, are controlled by the

° time and temperature of formation.
1000

500 The cooling rate through the transformation
range is also extremely important to the

400 development of the final microstructure, Figure
1 10 100 19. Higher cooling rates suppress transforma-

TIME.s tion to lower temperatures and allow signifi-
cantly less time for overall transformation,

Fig. 17 - Schematic effects of alloy content thereby favoring ferrite nucleation over
and of austenite conditioning on the continuous ferrite growth. As shown in Figure 20 for one
cooling-transformation diagram specific steel, both the condition of the

austenite (grain size or Sv) and cooling rate
through transformation strongly influence the

Alloying additions that increase austenite final ferrite grain size. Recent studies (41)
hardenability suppress transformation to lower have shown that for interrupted accelerated
temperatures thereby promoting ferrite nuclea- cooled plate, a two-stage cooling process,
tion over ferrite growth and leading to finer which produces more rapid cooling during
ferrite grain diameters. Opposing this alloy- ferrite formation and slower cooling during
ing effect, the refinement of austenite grain bainite formation, will produce higher
size and the deformation of austenite below the strengths and equivalent toughness to steels
austenite recrystallization temperature both cooled at a single rate. Finally, direct
tend to accelerate transformation so that foi a quenching followed by tempering, or interrupted
fixed cooling rate, transformation starts at a quenching with self tempering, can be used to
high temperature. The magnitude of the
increase in transformation temperature is shown
in Figure 18 for a Nb steel rolled by various CoolingRate,'Csec (A)

reductions below the austenite recrystalliza- 160 10 1 600
tion temperature and is seen to be quite sig- _A
nificant. In that same study (38), the effects

60012

400

003 Nb 1400 400 800

750- Coil Cooling \
0 i

O O w oo Carbon Steel 400

701300 Wi7E 0 Q. Cooling Rate. oC sec (8

:: Wi 100 1

S80-900 C Multi-Pass Roiling F F

S880*C One-Pass Rolling 1A

750'C One-Pass Rollng 1200
<M B -- ' 8 0 0

400 0
600 Coil\

11010 Low Alloy Cooling

I I I I I 200 Steel 400

0 10 20 30 40 50 80 70 80 L
REDUCTION BELOW RECRYSTALLIZATION TEMPERATURE. % 0 1 1 10 100 1000

TIME, sec

Fig. 18 - The effect of rolling reduction below Fig. 19 - Schematic differences in transfor-
recrystallization temperature of y on Ar3 in Nb mation behavior of two steels as a function of
steel (Ref. 38) runout-table cooling rate
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is interstitial-free (IF) steels which containAUSTENITE GRAIN SIZE, very low carbon and nitrogen levels (<0.005%
30 20 10 each) and have added Ti and/or Nb to effec-

tively combine with all carbon and nitrogen

Cooling Rate. °C/sec atoms, thereby producing a very soft, contin-
125 uous yielding ferrite.

024

Normalizing of steels, particularly struc-
tural grades, represents a common processing
step following hot rolling and is conducted

E primarily to improve the toughness of steel
10.0 - 0 products (primarily by grain refinement) that

are deformed only at relatively high tempera-
0.88 tures (because of product thickness and/orz

<limitations in mill processing equipment). The
0 most common microalloying additions to steels

W . that are normalized are Nb (for austenite grain

7. 5.0'0 size control at the normalizing temperature),
j Xand V or V plus N (for precipitation strength-

4 X ening of ferrite formed during cooling from the
austenitizing temperature). Various society
codes may require a normalizing treatment for
specific applications; however, it should be
noted that various combinations of steel

5.0 composition, thermomechanical rolling, and air
or accelerated cooling can be used to produce
equivalent strength and toughness levels to

67 100 200 those of various normalized steels. Such
Sv,mm interrupted accelerated cooled steels offer the

advantage of lower carbon equivalent values at
Fig. 20 - Effect of prior austenite grain size any given strength level when compared with
and cooling rate during transformation on the normalized steels, Figure 21.
final ferrite grain size (Ref. 40)

produce martensitii or bainitic microstructures Tensile 80

either in the full section or as a case around N

a softer core (14).
500

FURTHER PROCESSING - Although many HSLA 70

steels are used directly after hot rolling or IAC

thermomechanical processing, other microalloyed 0 z
grades will receive further mechanical and/or 60

thermal treatments. High-strength cold-rolled 400
sheet steels are one obvious example of such 

4

subsequent processing where cold reduction is

followed by a batch- or continuous-annealing IAC
treatment. Because precipitate coarsening will
accompany the annealing treatment, such steels L I . I .
rely on grain refinement and substitutional 030 035 040 045
solid-solution strengthening to achieve inter- CARBON EOUIVALENT.%
mediate strength levels. Very high-strength
cold-rolled steels are produced by cold rolling Fig. 21 - Representative data for the effect of
high-strength hot-rolled steels followed by carbon equivalent on the strength of normalized
recovery annealing so that most of the dislo- (N) and interrupted accelerated cooled (IAC)
cation strengthening is retained. Bake- heavy-gage plate steels (Ref. 42)
hardening steels represent a relatively low-
strength class of "high-strength" cold-rolled
steels that utilize carbon retained in inter- Quenching and tempering may also be used as
stitial solid solution to produce a strain a subsequent treatment to produce specific
aging effect in formed and paint-baked parts, properties in hot-rolled products. For
particularly automotive panels. Such bake- example, very low-carbon Cu-Ni-Cr-Mo-Nb steels
hardening steels are generally not microalloyed (ASTM A710, HSLA 80, or HSLA 100 types) with
steel, but are simple C-Mn steels with or 550 to 690 MPa yield strengths are used in
without solid-solution-hardening elements such naval ship construction and have fine-grained
as silicon or phosphorus. A final class of polygonal- or acicular-ferrite microstructures
microalloyed sheet steels that may be mentioned strengthened by fine Cu precipitates that form
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during aging (43, 44). The Nb microalloy addi- 9. "Thermomechanical Processing of Micro-
tion serves primarily as a grain refiner during alloyed Austenite," The Metallurgical
austenitizing. Similar lower strength (345 to Society of AIME, New York (1982).
450 MPa yield strength), polygonal, or
acicular-ferrite steels can be produced by 10. "Steels for Line Pipe and Pipeline
quenching and tempering of low-carbon Mn-Nb or Fittings," The Metals Society, Book 285,
Mn-Nb-V steels with possible small alloy addi- London (1983).
tions for hardenability control (42).

11. "HSLA Steels: Technology and Applica-
tions," American Society for Metals,

SUMMARY Metals Park (1984).

A brief review of the metallurgical funda- 12. "High Strength Low Alloy Steels," AIME
mentals associated with microstructural and Metallurgical Sociecy and the Australian
mechanical-property control in microalloyed Institute of Metdls (1985).
HSLA steels has been presented. Specific
applications generally dictate the required 13. "Accelerated Cooling of Steel," The
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recognised that the fabrication and design of modern
structures calls in particular for high standards of weldability

ABSTRACT and fracture toughness as welt as low production costs. The

category of steels commonly referred to as HSLA (high
This paper introduces a report which was prepared under the strength low alloy) incorporate these virtues and has been the
auspicesof the Committee for Technology of the International steel producers' response to updating the versatility of steel.
Iron and Steel Institute. The report can be ordered at this The steels have proved to be extremely successful
congress. The Committee for Technology of the Iron and Steel
Studies in the report illustrate Institute considered a review of HSIA steels as timely and set

The range of HSLA steels available for particular up a special Study Team (see Apendix 1) to prepare a report on
applications and how they have developed in the subject. The objective set for the study was to examine the
response to market requirements significance of HSLA steel for IISI members, with particular
The role of lSI.A steel in reducing the cost of reference to their role in developing markets for steel
steel based constructions products. It was recognised also that manufacturingProduction facilities required for the successful techniques for HSLA steels would in many cases be different
manufacture of [ISLA steel from those required for more normal grades of steel and these

The types of HSLA steel differ substantially between market aspects were also to be highlighted in the study
sectors or even product forms and linepipe, structural and In its deliberations the Study Team noted that there was
pressure vessel, shipbuilding, offshore and cold forming strip already in existence a very substantial technical literature on
steels are therefore separately examined. In each case there is the subject of IISLA steels particalarly on metallurgical topics
a commentary on the types of steel used and specifications and took the view that there was no need in its report to
that are relevant together with information on their restate basic metallurgy
properties and other characteristics that relate to particular Because the types of IISLA steel differ quite markedly
end uses. General aspects of steel production and metallurgy between the various product forms, it was considered desirable
are briefly dealt with in a separate chapter. to separately examine the situation in linepipe, structural and
The report concludes with a section on the economic pressure vessel, shipbuilding and offshore and cold forming
advantages of HSLA steels and the part they play in strip steels The report therefore contains separate chapters
responding to the challenge of competing materials In this it for each of these markets
is concluded that for steel users specific economies can be Before moving on to more detailed consideration of these
obtained from the use of IISLA steels both in construction and steels it is v, irth drawing attention to two relevant points
operational areas Although the cost of manufact uring steel is generall.

only a small proportion of the total cost of constructing anfl
particular structural component, the delivered price of raw

THIS PAPER INTRODUCES A REPORT which was steel remains an important consideration The Steel Industry
prepared under the auspices of the Committee for Technology has met this challenge by the adoption of new high
of the International Iron and Steel Institute. productivity and energy efficient methods of steelmaking to

Steel as a constructional material has been virtually ensure that the cost of steel in real terms remains competitive
unrivalled since the late 19th century because of its strength, Fig I illustrates this point in quite a dramatic way relative to
relative ease of fabrication and low cost. While this remains examples of competing materials and it will be seen that of
true today, competition from other materials such as concrete, these constructional materials only steel has actually
plastic and non-ferrous materials is growing and steel must decreased in cost over the past decade
continue to develop its virtues if it is to remain competitive. The extent of present use oflSIA steels for the various
Further improvements in strength were an obvious goal and applications that will be considered in this report is illustrated
have received much attention from steelmakers during the in Table I which throws up some interesting points Firstly
past 50 years in particular In more recent steels it has been the adoption of ISLA steels in linepipe is almost complete in
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Europe, North America and Japan for reasons which will METALLURGY AND STEEL PRODUCTION
become more apparent in a subsequent chapter. In
shipbuilding, Japanese builders have made extensive use of I. METAI,LURGY -As mentioned earlier the metallurgy of
these steels, while the application in Europe and North HSLA steels is extremely well documented, particularly
American shipyards is much less, indicating perhaps a less through the microalloy series of conferences, the latest of which
advanced state of technology in these shipyards but perhaps an we have started today. For the purposes of this presentation,
opportunity for advance. therefore, it is sufficient simply to say that the essential

characteristics of the |ISLA steels that we are concerned withTablel -Proportionof HSLA Produced Worldwide (%) 1986 are fine grain size for good yield strength and fracture
toughness, low carbon and indeed carbon equivalent value,

North again for good toughness and for weldability. The most notable
Europe America Japan micr'alloying elements used today are niobium and vanadium

with an increasing contribution from titanium, while theLinepipe 95 95 95 important role of aluminium and nitrogen as perhaps the
original mircoalloying elements, should not be neglected.

Shipbuilding 40 20 75 The effects of these microalloying elements have been
exploited to the full by the intelligent application of

Offshore steels metallurgical principles to the finishing operations used for the
Plates 90 30 70 various product forms with which we are concerned. Among
Sections 70 20 10 these, normalising and quenching and tempering were the first

to be used and indeed are still indispensable for many products
Pressure vessels 30 25 85 today. Controlled rolling, particularly of plates but more

recently of shapes, has clearly been the most notable
Structural development in rolling technology and has just about reached

Sections 30 20 10 its 30th birthday in terms of practical application.
Sections, automotive 70 70 30 A further extension of the recent application of
Sections, ships 15-30 20 10 metallurgical principles to finishing operations has been the use
Sheet piling 25 15 100 of accelerated cooling immediately after the rolling process in a
Rebar 100 5 10 variety of product forms starting with bars and plates, but
Plates 25 20 10-30 moving on more recently to rails and shapes.

The metallurgy of each of these process routes has already
Sheet and coil (inc. galv been rather well established in the literature and mu!'h more

Automotive 20 10 20 information is available at this conference. Further comment
Building (not rebar) 95 80 70 here would therefore be superfluous.

2. STEEL PRODUCTION ASPECTS The first point that
Almost conversely the use of high strength offshore needs to be recognised is that the simpler types of HISI.A steel

steels in Europe is at a higher level than in Japan and this is can be made in almost any production plant Special
due in very large measure to the particular demands of the requirements for steelmaking or rolling and heat treatment
European Continental Shelf oil and gas platform production only arise for the most sophisticated HSI,A steels such as high
programme which almost of necessity makes extensive use of grade linepipe or offshore structural steels.
HSLA steels It is becoming evident, however, that the cost of achieving

Perhaps the most graphic way of illustrating the much high accuracy of production, low impurity levels and
improved metallurgy and piroperties of modern HSLA steels and consistency of properties may be offset by very substantial
their user friendliness in terms of ease of fabrication, through cost savings because the cost of their achievement s
particulariy welding, is seen in the contrast between the often much less than the savings obtained in subsequent
material used about 50 years ago for the Sydney Harbour fabrication or service conditions. There is, therefore, a strong
Bridge relative to those used for structural purposes in the trend towards the use of more .ophisticated steel manufacturing
offshore environment today. The comparison is shown in the techniques as discussed further below.
table below 3. STEEI.MAKING

Optimum property levels in IISLA steels depend on
Table 1I Control of significant alloying elements (e.g C,Mn, Nb, V,

Mechanical Al)
Composition Properties Reducing the content of impurities (e.g. S, P, N 2 ) to

Steel Yield Tensile justifiable levels
Application C% Si% Mn% Stress Strength Reducing thecontentofnonmetallicinclu-ions (sulphides

N/mm 2 N/mm 2  and oxides)
Sydney Ensuring uniformity of composition and properties
Harbour 0 32/0.42 0 15/0 25 0.60/1.00 323 551/659 throughout a cast which can be as large as 300 tonnes
c1932 (min) The techniques used to achieve these objectives are

described in the report, but the essence of the steelmaking
Typical requirements is to adopt practices which will achieve very
Offshore 0 II 0 35 1 50 325 490 accurate control of the state of oxidation of steel and thereafter,
Structure (min) to take specific steps for the limitation of impurity elements
c1987 using various steelmaking technques and ladle treatment

processes as required
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Fig 2 illustrates the range of steelmaking and casting Table IV - Development of Gas Transport Via Pipeline
possibilities that are presently used, while 'able [it below gives
some indication of the kind of composition changes that might Operatin Annual Fuel Gas
be required in moving from mild steel through normal to very Pressure Dia. Transportation Used For
high duty [ISLA steels Year bar mm Capacity Pumping

Mm3 (6,000 kin)
Table Ill Typical Compositions

(a) Composition (%)
1910 2 400 80 488

Steel 1930 20 500 648 31.3
r Application C Si S P Mn Nb Al N? 1965 66 900 8,320 141

1980 80 1,420 26,000 10.6
Normal About 120 1,620 52,000 8 2
Structural 1990
Use 016 030 0015 0.02 1.40 003 003 007

This table is a particularly graphic illustration of what
Special has been achieved over the past 70 to 80 years for gas pipelines
Structural The adoption of HSLA steels associated with greater pipe
Steel (e'g. diameters and operating pressures, has meant that the yield of
for Offshore piped gas (input less the proportion burnt as fuel to power gas
Construc- 0 10 0 30 0 003 0 010 1 50 0 02 0 03 0.006 pumping stations) has moved from 51.2% to 91.8%, together
tions) (Plus additions of Ni and Cu) with a vast increase in gas transportation capacity for each

pipeline.
While increased tensile strength has been the dominant

b) Mechanical Properties feature of linepipe steels, other property aspects have been no
less critical to successful fabrication and operation of oil and

Steel Yield Tensile Charpy Vee gas linepipe and these are weldability, fracture toughness and
Application Stress Strength Notch Toughness resistance to sour gas attack. These are referred to in some

detail in the text of the report, but some summary comments
Norma I will be appropriate here.
Structural Use :345 490 27 J at -0°C 1. WELDABIIITY - There are two main welding operations to

be considered. The first during manufacture of the pipe, for
Special Structural example the longitudinal seam which is made using the
Steel Ie g for submerged arc process and the girth weld carried out on site or
Offshore on the lay barge for sub-sea lines.
Constructions) 345 460 27J at 60'C The longitudinal seam is carried out at relatively high

heat input such that HAZ cold cracking should not be a problem
An essential point that has to be remembered is that for Because pipe toughness is important however it is essential that

supply to a given customer order, the level of tensile properties both the weld [IAZ and the weld metal itself have adequate
achieved is governed by the minimum composition of steel toughness IIAZ toughness has generally been adequate even
supplied, while on the other hand the customer must set his for increasingly severe service requirements now down to -30°C
weldability precautions, notably preheat levels, on the basis of because HSI,A steel development has moved to progressively
the maximum composition supplied within the consignment. lower carbon levels and the welding process itself has (mainly
These points are illustrated in the schematic illustration in Fig for productivity reasons) moved from single to two, to three and
3 Ahich clearly shows that the closer the composition control even five wire submerged arc systems with attendant
achieved, the greater the optimisation between tensile strength reductions in effective beat input.
properties and weldability Probably the main welding problem has been the girth

The problem of lamellar tearing in the region of welds has weld which needs to bc deposited at high speed and is a low heat
made it necessary for the sulphur and other non metallic input operation These are circumstances where maximum
inclusion content of steel to be dramatically reduced for many advantage can be taken of the lowest available carbon
IISI,A steels equivalent steels which have been developed using advanced

There has, therefoire, been a consid'erabit demand within thermomechanical rolling or accelerated cooling. Fig 4
the production of ISIA steels to seek highly sophisticated illustrates this point.
production methods not just to meet the requirements of steels 2. FRACTURE TOUGHNESS - It is clearly of the greatest
for particularly severe service requirements, but also to produce importance that catastrophic failure of linepipe be avoided
steels that will reduce the cost of welding. because of the ms;or cost and environmental considerations

involved.
IINEPIPE STEELS Possible failure mechanisms are either of the brittle or

ductile variety and both have to be legislated for in the design of
Probably the most prominent and successful exploitation the steel and weld metal.

of lSLA steels is that concerned with the distribution lines for Avoidance of brittle fracture is dealt with by the
oil and gas An historical summary is shown in Table IV below conventional approaches of reduced carbon content and fine

grain size achieved in modern steels by microalloying with Nb,
V or Ti and thermomechanically rolling or accelerated cooling
Essentially design has to be on the basis of avoidance of
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crack initiation because although a leak before break situation elimination of all other non-metallic inclusions, particularly

may have some validity for oil pipelines, the explosive oxides, and reduction or elimination of segregation by a

decompression of gas makes the risk of brittle fracture severe combination of modified casting practices and reduction in the

over a potentially long length of linepipe. There is incomplete content of the main segregating elements, carbon and

agreement yet about the most important test critical for manganese is also important.

linepipe steels to avoid brittle crack propagation under any The very lean compositions required to operate successfully

particular set of design pressure, diameter and operating in sour environments are now becoming available, but only by

temperature conditions and Charpy, drop weight and COD tests virtue of the most rigorous steelmaking and casting operations

are used. The position may be clarified by the results of full- and the use of advanced thermomechanical treatment of plates

scale burst tests being carried out in various parts of the world, particularly by the accelerated cooling method.

An important consideration in the resistance to brittle More detailed information on steel production and

fracture is the fracture toughness of the weld metal itself. Since property aspects is given in the report but in closing this section

in a normal longitudinal seam weld in pipe, dilution from the it is worth picking out one particular point and that is that at

parent plate may provide as much as 60% of the weld volume, it present and for the foreseeable future, there is no viable
will be obvious that the composition of the parent steel is an alternative to steel for constructing linepipe. The drive for

essential contributing factor. Research over recent years, for improved steels has, therefore, come not from the threat of

example, has clearly demonstrated the important deleterious competing materials but from a need to reduce the operating

effects of higher carbon, manganese and nitrogen contents in costs of steel users through more efficient transmission systems.
weld metal. Fortunately modern steels tend to reduce these SHIPBUILDING AND OFFSHORE STEELS
elements to comparatively low levels. Even so, it has been
necessary to carry out detailed metallurgical analyses of the
factors that affect weld metal toughness and from these weld Despite the almost complete failure of various reputable
consumables have evolved that are capable, in conjunction with bodies to forecast world shipbuilding requirements (Fig.6),
modern low carbon steels, of giving weld metal toughness down there remains a very substantial market for steel as the

to operatingtcmperaturesof-30'Cor lower, dominant construction material other than for small and
The risk of propagating a ductile crack through a gas specialised vessels. The greatest proportion of new tonnage is

linepipe is also well recognised and although full-scale burst provided by Japanese and Korean shipyards and it is in these

tests are still being evaluated to improve predictive capability of areas therefore that most modern developments in design,
steel proving tests, the main factor identified todate has been fabrication and material technology might be expected.
the need to reduce sulphur content to levels below 0.005%. Reference to Table I in fact confirms a much greater use of

There is some evidence to suggest that very low sulphur HSLA steels in Japan than in Europe or North America.

contents in themselves may not be sufficient to eliminate the HSLA steels were used for ship hull construction in the

risk of a running ductile crack particularly in steels with 1960's but were slightly inhibited by the need for welding

strength levels above about X65 and more information on this preheat because of the relatively high carbon equivalent levels
aspect is essential to point the way forward for new steel of about 0.45 that were common in the normalised steels of thatdevelopmentsi time. Shipyards were not then easily able to apply preheat at

all, nor even to use low hydrogen welding electrodes.Steels for shipbuilding have however now been designed toOne of the most difficult service problems for steel producers to reduce the need for weld preheat in the most common hull plate
deal with has been that caused by the increasing incidence of thicknesses and the most recent accelerated cooled steels
transporting so called sour oil or gas in linepipe. reputesses ma t the need entr el era t ioollsteels

The sour environment arises from a content of moisture in reputedly eliminate the need entirely. This point is illustrated
the oil or gas (arising either naturally or as a consequence of in Table V which demonstrates the reduction in composition

water drives to extract oil) and the subsequent combination that has been made possible in modern steels.

with H2 S to react corrossively with the steel to generate atomic
hydrogen. The hydrogen then difuses into the steel until it Tape of Pro ducdrys
reaches voids, generally non-metallic inclusions, where it is Range of Procedures
trapped. Given sufficient hydrogen, pressure can build up to (a) Composition

the extent of causing cracking along the line of inclusions that
are parallel to the plate surface. If such cracks link up in a step G P C S M Peq
wise fashion then pipe failure through the thickness becomes
inevitable, leading to the possibility of a running fracture EH32 AC 0.10 0.33 1.44 0.016 0.004 0.035 0.34particularly in a gas line. N 0.13 0.40 1.35 0.015 0.005 0.030 0.035 0.40

Fig. 5 indicates the main elements of the problem. One DH36 CR 0 15 0.36 1.36 0.018 0.014 0.029 0.033 0.39
solution is clearly to fully dry the oil or gas before transmission
through the main transportation pipelines. For offshore
developments this is extremely expensive because the (b) Mechanical Properties
purification plant has to be installed at the well head on vastly
expensive production platforms. There is, therefore, a very clear Gauge Yield UTS Chap
pressure from oil companies on steel producers to provide steels Grade Process mm Strength MPa J Temp.

that are resistant to this form )f attack MPa C

It has now been established by extensive testing that EH32 AC 25-35 372 529 220 -40
resistance to sour oil attack can be confined by reducing sulphur N 20-30 355 485 160 -40
content to extremely low levels in the region of 0.002%, DH36 CR 15-30 411 546 86 -20
ensuring that residual sulphide inclusions are of modified round N 15-30 389 517 85 -20
rather than elongated shape by calcium treatment. Virtual N 15-30 389 517 152 -20
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There is, of course, a limit to the strength of steel The particular points to note relative to conventional
acceptable for ship hull structures and ship classification structural steels are the substantially lower carbon levels which
societies. Generally the benefits of higher yield strength in are necessary for weldability and toughness reasons and the
terms of hull plate thickness reduce substantially above a yield very low sulphur contents now typical of lamellar tear resistant
strength of about 350 N/mm2 . steels.

This apparently conservative approach is based on concern Weld heat affected zone toughness is an essential
about the fatigue behaviour of higher strength steels and requirement in these steels and is commonly tested for using the
potential problems with hull rigidity because the elastic fracture toughness crack tip opening displacement (CTOD) test
modulus of HSLA steels is the same as for mild steel so that developed by the Welding Institute. A difficulty that has arisen
reduced overall scantling thickness would give lower elastic in this context however is that despite the lack of structural
rigidity. Additionally, of course, the corrosion characteristics failures in offshore structures, a worst case approach to CT.D
of HSLA steels are broadly similar to mild steel so that the testing has tended to be adopted. In effect it is required by some
design corrosion allowance should remain constant in terms of relevant specifications that the CTOD crack tip must be located
plate thickness and will, therefore, reduce the benefit of HSLA in the most brittle region of the HAZ regardless of how small
steels. that region might be or whether it is near the surface or

Even so, the benefits of HSLA steels for ship hull relatively safely buried near the plate mid-thickness. It will be
structures is significant, as illustrated in Fig. 7, and Japanese a matter of some interest to see whether this particular problem
shipbuilders are now making economic use of easily welded is solved by the steel development efforts of producers and there
HSLA steels made by the accelerated cooling route with yield is much activity in this area or whether a more pragmatic view
strength levels up to 400 N/mm 2 . can be taken of the risk involved which may well be statistically

A further advantage of some modern HSLA shipbuilding insignificant. On present evidence, the steel solution is likely to
steels which make use of Ti additions to maintain fine weld come first.
HAZ grain size and very low carbon content for the same reason, Finally, the operating conditions of those structures is
is that very high heat input and, therefore, high productivity such that a very full appreciation of their fatigue behaviour is
welding can be used. Such steels permit the use of single pass essential to safe design. Certainly in Europe, the expenditure
welding for 20 mm plate. on testing to accumulate the required data has amounted to

some millions of pounds and has, together with the weldability
OFFSHORE STRUCTURAL STEELS and fracture data accumulated, made these steels probably the

best documented of any steel type made todate.
The developments in steel that have been necessitated by For the future, increasing water depths and general

the difficult fabrication and service behaviour requirements efficiency of operation particularly in relation to reducing the
posed by the very large oil and gas production platforms used in weight of deck structures, clearly indicates that further
the North Sea have led to advances in steel production just as developments will inevitably require HSLA steels of still higher
dramatic as those required for linepipe. strength and much work on these steels is already underway.

The essential characteristics of steels for offshore Such developments will be essential to maintain the pre-
constructional purposes can be summarised as: eminent role of steel as the constructional material.

* Yield strength in the region of 350 N/mm 2

* Good welding characteristics PRESSURE VESSEL AND STRUCTURAL STEELS
(a) High resistance to lamellar tearing
(b) Low composition to minimise preheat This category includes plates, rolled sections and bars for
(c) High toughness in the weld HAZ structural and pressure vessel application. HSLA bars for

* Good fracture toughness at the designated operating reinforcement were in fact one of the earliest uses of HSLA
temperature steels in general and of accelerated cooling (from the rolling

* Well documented fatigue properties temperature) concept in particular.
Table VI shows typical compositions for normalised steels Some typical examples of applications for HSLA steels are:
presently in extensive use for this type of construction together Bridges
with the composition of accelerated cooled type of steel that is of Buildings
particular current interest although not heavily used todate Electricity pylons

Per,stocks
Table VI - Examples of Structural Steel Produced by Steel piling

a Range of Procedures Railway tracks
(a) Composition Trucks

Trailers
Grade Process C Si Mn P S Nb Al Ceq Earthmoving equipment

Mining equipment
50D AC 0.08 0.34 1.49 0.011 0.002 0.015 0.025 0.35 Tanks

N 0.11 0.39 1.55 0.014 0.002 0.030 0.025 0.39
50E N 0.12 0.45 1.53 0.014 0.002 0.026 0.034 0.40 Reinforcement bars

The types of steel used include the microalloyed grades
(b) Mechanical Properties using Nb V and Ti as well as steels intended for higher

temperature service where Cr and Mo additions are common.
Yield Process routes include controlled rolling, normalising

G P s u r Ma M Ja T p_° quenching and tempering as well as the direct accelerated
cooling from the rolling temperature already in use for bars,

50D AC <75 434 517 331 -10 plates and rails and under investigation for rolled shapes
N <75 376 517 328 -10 A particular problem that arises in many applications

50E N 40-63 384 513 277 -40
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is that some of the more recent thermomechanical processing Table VII - Cold Forming Strip Steels
techniques used for plates in particular are not suitable where
hot forming will be used during fabrication. The kind of
property deterioration so obtained is illustrated in Fig. 8 for a Steel Range of min. Chemical Composition
thermomechanically treated steel. Similar effects can be Type Processing Strength
predicted for AC steels. This problem has been neatly YS TS Alloine
circumvented by the use of a modified thermomechanical rolling MPa MPa Carbon Elements
system referred to as "normalising rolling". In this process the
rolling finishing temperature is designed to coincide with the
hot forming temperature (900-930°C). Subsequent hot forming Precipi- Hot 280-600 400-700 0.05-0.15 Mn up to
therefore simply repeats this operation and deterioration in tation rolled 1.5 max.
properties is then small or even absent, strength- plus Ti,

In the report specific examples are given of the cost ened and NborV
benefits that can be derived in this area by the use of HSLA grain re- Cold 240-440 340-550 0.05-0.15 Mn up to
steels. These refer to penstock, bridges and the steel frames for fined rolled 1.5 max.
buildings, plus Ti,

This last application (steel frames for buildings) is Nb
particularly interesting because there are clear opportunities or V
for steel to compete strongly with other building construction
materials particularly in situ, or reinforced concrete. A number Solid Hot 930-338 370-520 0.10-0.20 Mn up to
of examples of benefits are given including increased load solution or 1.5 max.
bearing capacity for columns, reduced weight light industrial stren-gth- cold
buildings and a multi-storey car park where weight savings of ened rolled
30/40% and space gains of 11-30% are claimed for HSLA steels. C Mn

Illustrating the point that composite eonstruction
techniques may be very advantageous for 5teel is the concept of Cold 220-300 340-435 < 0.05 P up to
using HSLA rolled sections and rcitiforcement bar bonded rolled 0.1
together with concrete. Stich composites (Fig. 9) have the Al
advantages of great sfcngth in compression, h'gh building killed
strength and very good properties when exposed to fire.

Cold 220-300 300-400 P up L.
COLD FORMING AND COATED STRIP STEELS rolled 0 1 Ti

inter- or Nb B
Something like 40% of the world steel production is in the stitial

form of strip steel in its various forms - hot or cold rolled sheets free
and coil, galvanised, tin plate, black plate and coated sheets.
This is, therefore, a key area of use for steel and is the subject of Bake Cold 200-230 310-380 0.01-0.02 P up to
a separate chapter in the report which particularly considers harden- rolled max 0.1 max.
the use of those steels in automative and building applications. ing Al 240-300 possibly

The main reason for using HSLA steels in this product killed after Si
area is, of course, the potential for making cold formed products baking
using a thinner gauge than would normally be necessary,
leading to weight savings that can be very significant in many Cold 210 max. 360-380 < 0.005 P up to
areas and particularly in automobiles, rolled 240 0.1

The ability of the material to cold form satisfactorily is an Nb after plus Nb
essential attribute for nearly all potential applications and baking
conditions the routes taken in steel development. This
requirement is substantially different from those in heavier Dual Hot 200-900 350-1300 0.02-0 15 Mn up
product forms where weldability and fracture toughness, for phase and to 1.5
example, have usually been dominant. Strip steels are welded cold
for very many applications, but the problems that then arise are rolled
more often dealt with by welding process or surface treatment
considerations rather than as a fundamental characteristic of Trans- Hot Up to Up to Up to Mn up
the steels themselves. forma- and 1400 1500 0.20 to 1.5

The metallurgical development of IISLA steels in the cold tion cold
forming strip area does however overlap with other products so strength- rolled
far discussed in their use of microalloying elements, but those ened
steels have also adopted somewhat additional metallurgical
and process routes which are interesting. Cold Cold Up to Up to Up to Mn up to

work rolled 1000 1100 0.20 1.5 Ti,
strength- Nb, V
ened possible
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Table VII briefly summarises the various types of HSLA formability.
steel that are considered in the report, while Table VIII gives an As mentioned earlier, HSLA steels have corrosion
indication of their relative formability. These steels, therefore, properties that are not significantly improved over normal
make use of a wider range of strengthening mechanisms than grades. Fortunately there is now a very great availability of
other product forms and each has its own particular merits, strip coatings nearly all of which are designed to inhibit

corrosion and/or to provide a decorative appearance to the steel
Table VIII - Forming Properties ofVariousSteelTypes where it will be used for exterior parts of automobiles or

buildings. These include zinc galvanised or aluminised coatings
Primary specifically for corrosion protection and applied by the hot dip or
Strengthening Stretch- Draw- Strength continuous processes. To these can be added the very wide
Mechanism ability ability Range range of coloured organic coatings.

Considerable effort has to be expended on the evaluation of
Cold worked Very poor Poor Large performance aspects including fabrication, direct resistance,
Recovery annealed Poor Poor Large fatigue behaviour and so on. These aspects are too detailed to be
Transformation Moderate Moderate large discussed here but are well documented in the renort.
strengtnened
HSLA precipitation Moderate Moderate Fairly large ECONOMIC ASSESSMENT
grain refined
Solid solution Al killed Good Good Limited HSLA steels will only be used in applications where there
Bake hardenable Good Good Limited is a clear cost advantage to the steel purchaser. There has
Dual phase Good Moderate Large however been an widespread tendency for HSLA steels to be

assessed on the basis of their initial cost resulting frequently in
Since cold forming strio steels have a yield strength the comment that they are too expensive.

subsiantially lower than heavier product steels, the definition The report makes the point that the benefits of [ISLA
ado-t-d for HSLA steels is of steels above a yield stress of 220 steels only become apparent if full account is taken of all the
y . The micro-alloyed grades using Nb V Ti derive their advantages that accrue from design, fabrication and operational
higher yield stress from a combination of grain refinement and features of these steels. (Fig. 10).
precipitation strengthening. Such steels are normally produced Numerous examples of such advantages are given in the
in the hot rolled or cold rolled and annealed condition. Because report and a few of these are quoted here.
they have limited forming ability, they are mostly used for Fig. 11 was based on a particular set of cost figures but will
structures and reinforcement parts of automobiles as well as be broadly true whichever specifications and costs are used. The
buildings and various items of domestic equipment. Their interesting point is that taking due account of the kind of design
composition will generally be within the range' code limitations that will be encountered, the main area where

savings will occur for structural steel is in the medium (350
C% Mn% S% P% AI% Nb% N/ram 2 ) yield strength region, i.e. precisely the area that has

been so targeted by the microalloyed and thermomechanically
0.03/0.15 0,50/1 5 0.015 Max 0.02 Max. 0.05 0 03 processed steels. Above this strength range increasing alloy

content tends to raise both initial and fabrication, particularly
with substitution of Nb by V or Ti in many cases, welding costs. It is, of course, quite likely that the low cost

Solid solution strengthened HSLA steels can be of region will be pushed to higher strength yet through the use of
considerable interest because for a given strength level, the most modern thermomechanical rolling and cooling
formability may be better than precipitation strengthened systems.
steels. The most common alloying elements used are Fig. 12 carries this comparison through to the case for
manganese, silicon with recent interest in phosphorus up to bridge construction where it is apparent that the case for HSLA
about 0.10% above which it tends to give problems with electric steels can only be made then if full account is taken of
resistance welding. Such steels can be used for automobile body fabrication and construction costs.
panels. Finally, in Fig. 13 there is a fairly graphic illustration of

Interesting HSLA steels used in cold forming strip are the the operating costs that can be achieved through the use of
bake hardened steels, so called because they strengthen HSLA steels in large tanker ships.
significantly during the paint baking operation which takes
place at about 170°C. These steels have simply harnessed the SUMMARY AND CONCLUSIONS
well-known quench ageing mechanisms whereby carbon is
quenched into solution at the cooling rates obtained after batch HSLA steels have been available to steel users for many
or particularly continuous annealing and precipitated during years and except for particular areas, notably linepipe, have
the bake hardening operation. been less exploited than their obvious merit would suggest.

Transformation strengthened steels include the well- This situation is likely to change as steel users become
known dual phase alloys where the second phase can be more aware of the through cost advantages of modern HSLA
martensite bainite or even pearlife depending on strength steels although this will only happen through the advocacy of
requirement. These steels can have very good formability and technical staff who can carry out the necessary technical
weldability and they have found extensive application in their assessment.
rolled form Steel producers have developed their steelmaking control

For the highest strengths up to 1600 N/mm 2 yield to a degree where steel purity and accuracy of manufacture
strength, alloying to ensure transformation to martensite can have been dramatically improved over the past ten years.
be employed for components like door impact beams or rear These improvements linked to the metallurgical HSLA
bumper supports. Obviously such steels have quite limited developments should help maintain steel in the forefront of
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Much has been written about the metallurgy and T. Nills

development of HSLA steels. It is questionable how much of T. Nillsson, SSAB Svenskt Stal AB, Sweden

this information reaches or is comprehended by steel users, Dr. Paul Repas, USS Technical Center, USA

admirable though it may be from the scientific standpoint. It
is suggested however that we should turn much more of our Cold Forming and Coated Steels
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I

JUSTIFICATION FOR THE USE OF HSLA STEELS
IN VARIOUS APPLICATIONS

S. S. Hansen
Bethlehem Steel Corporation

Bethlehem, Pennsylvania, USA

ABSTRACT with mandated automotive fuel economy require-

ments [7) and the resulting push by automakers
The benefits of HSLA steels to potential users for weight reduction [e.g. 8, 91. Meanwhile,
in terms of more efficient designs, reduced in some other steel product areas the trend to
production or fabrication costs and/or improved HSLA steels has not yet caught on. For exam-
performance are reviewed. In addition to ple, while there is considerable ongoing
increased strength, other important engireering research and development activity on bar/
properties of HSLA steels are also considered. forgings, applications to date in the U.S.A.
It is suggested that, because of the economic have been limited. Similarly, there are still
benefits possible through the use of HSLA other domestic market areas where HSLA steels
steels, users carefully assess the cost/ are underutilized compared to Europe and/or
performance trade-offs on a case-by-case basis, Japan. A recent study by the International
emphasizing the design criteria that control Iron and Steel Institute [10] suggests that
the service performance of a component. significant additional penetration of HSLA

steels is still possible in the U.S.A. in the
areas of shipbuilding, off-shore structures,
pressure vessels, sheet piling and reinforcing

ALTHOUGH additions of the so-called microalloy- bars.
ing elements (V, Nb and Ti) have been made to Although there are many technical, design
steels on an experimental basis for over sixty or government-mandated reasons for adopting
years, significant usage of "microalloyed" or HSLA steels in various applications, it is
"high-strength low-alloy" (HSLA) steels in clear that, in almost all cases, the driving
various applications and product forms has only force is economic, i.e. the use of HSLA steels
occurred since about 1960. Since then, there to replace current grades saves money. To
has been considerable research and development quote from Gordon Walter's rapporteur summary
activity aimed at understanding the interrela- at Microalloying 75 [11], "Higher strength has
tionship between structure, properties and no redeeming value unless it allows weight
processing in these steels - much of this reduction on a cost-effective basis or enables
activity has been described in the proceedings designs to be completed that could not be done
of several international conferences [e.g. with lower strength steel." Although there are
1-5]. Concurrently, there has been continued examples where the cost of HSLA steel (per ton)
growth in the usage of HSLA steels in a variety is less than that of current grades, more often
of product forms. For example, data on ship- (when HSLA steels replace mild steel), HSLA
ments of HSLA steels by American producers steels are more expensive than the current
(AISI statistics) are provided in Figure t for grade of choice. Consequently, potential users
various products. It is apparent that the of these steels must look for economic benefits
marked increase in HSLA steel shipments in by considering fabrication and final system
plate and heavy structural products began in operating costs as well. Each application
the early 1960's (concurrent with the develop- should be considered separately, assessing
ment of V/N-alloyed steels [61). The growth in several areas of potential savings, e.g.,
plate is particularly notable, increasing from * In some cases, the current component design
about 5% of shipments in the 1960-62 timeframe or a redesign may allow the thickness of the
to more than 20% today. In comparison, sig- HSLA product to be reduced relative to that
nificant growth in HSLA hot- and cold-rolled of mild steel. If there is sufficient
sheet only began in the mid-1970's, coinciding thickness reduction, the weight savings of
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the final structure or component may itself (27.5 mpg) in 1985 and beyond [7]. Compared
compensate for the higher materials cost of to an average value for the 1974 new ca- fleet
HSLA steels. In some designs there may be a of about 6 km/l (14 mpg), this goal represented
"multiplying" effect, where weight reduction an increase of almost 100% in fuel economy over
of one component may allow weight reduction an eight year period.
elsewhere in the final assembly. Several authors [e.g. 12-15] have reviewed

" Sometimes, weight reduction in the vehicle the routes available to improved fuel economy
design will allow either fuel savings or in automobiles and their general consensus is
additional payload at the same fuel cost. that while improved aerodynamics, a more
In addition, lighter final structures mean efficieit drivetrain and better engines can all
reduced transportation and handling costs be of significant benefit, vehicle weight is
during the fabrication process. the primary factor affecting fuel consumption.

" Using as-rolled steels to replace grades For example, data for most of the new 1988
that were designed to be heat-treated at models [16] (compared to results for 1974
some point during the fabrication process vehicles [15]) for the EPA city/highway cycle
reduces tile customer's manufacturing cost by are shown in Figure 2. The importance of
eliminating one or more processing steps. "getting the weight out" has been well

" There are also examples where the improved appreciated by the automotive industry, and
weldability of HSLA steels compared to cur- through a combination of downsizing and
rent grades can eliminate the need for pre- materials substitution, the weight of the
heat and/or weld cracking. The result can average domestically-produced automobile has
be a dramatic reduction in fabrication costs been reduced from 1,705 kg (3,760 lb) in 1976
which often outweighs the higher initial to 1,442 kg (3,178 lb) in 1987 [17]. This
cost of HSLA steels, mandated weight reduction has had the desired

Of course, there may also be cases where impact - the average annual fuel consumption of
the use of HSLA steels allows new designs to be all vehicles on the road in the U.S.A. has
undertaken that would not be possible with decreased by about 30% over the same time
lower strength grades. In these cases, the frame. Although cars have become smaller, an
result is a new product which offers a competi- increase in the use of plastics (primarily in
tive advantage (i.e. improved performance), trim and finish applications), aluminum and

The present paper considers several especially HSLA steels (Figure 3) since 1973/74
factors that can justify the use of HSLA steels has had a major impact on weight reduction.
in a variety of end applications. Examples Today the average domestically-produced auto-
will be presented covering various processes mobile contains more than 90 kg (200 lb) of
and product forms and it will be shown that HSLA steel [17, 18].
while HSLA steels can offer considerable Over the past decade or so, much of this
advantages to potential users, there are also materials substitution was implemented to meet
properties other than strength that should be the CAFE requirements. More recently, however,
considered before these steels are put into the theme of "cost-effective" weight reduction
full-scale production. This paper provides a has been promoted. On this basis (Figure 4),
brief overview of the specific examples; addi- HSLA steels are the only material under con-
tional details are, of course, provided in the sideration by the automobile industry that can
references, actually provide a cost savings (for materials

only) when substituted for mild steel [18].
JUSTIFICATION FOR THE USE OF HSLA STEELS Although HSLA steels cost more than mild steel

on a per ton basis, if full advantage can be
WEIGHT REDUCTION - Among the factors which taken of their higher strength, material cost

argue for the use of HSLA steels, it is perhaps savings will be achieved. For example (Figure
the potential for weight reduction (by substi- 5), when substituting a 550 MPa (80 ksi) HSLA
tuting HSLA steels for mild steel) that has grade for 200 M'a (29 ksi) mild steel, a weight
received the most attention in the technical reduction of about 30% (the exact number
literature as well as in the popular press, depends on relative prices) must be obtained to
Particular attention has been given to the reduce the material cost [19]. Whether this
weight reduction of U.S. automobiles since the degree of weight reduction can be achieved
mid-1970's. The 1973-74 Arab oil embargo and depends on the particular application being
subsequent gasoline shortages in 1978-79 considered. lor example, as shown in Figure 6
provided the impetus for several government- [20], the performance of any part, particularly
mandated energy conservation measures, among when subjected to bending or torsion, depends
them the Corporate Average Fuel Economy (CAFE) on the component geometry as well as its yield
standards for new automobiles. This standard strength. In those applications where yield
mandated systematic increases in fuel economy strength controls the design (e.g. door beams
from 7.6 km/l (18 mpg) in 1978 to 11.7 km/l

* This was later reduced by the EPA to Ii km/l
(26 mpg) for 1986, 1987 and 1988 vehicles.
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and bumpers), very efficient use of HSLA steels tution of HSLA steels for heat-treated grades
can be made and weight savings of 40-60% can be [25].
achieved by the use of a reduced thickness and Another example involves the use of micro-
higher strength (340-550 MPa [50-80 ksi]) alloyed steel wire rod fui automotive fasteners
grades substituting for mild steel. However, to replace a heat-treated medium carbon steel
for other parts (e.g. outer body panels) which (Figure 10). In this case, both spheroidize
are also subjected to bending and/or buckling, annealing (before drawing and cold heading of
stiffness is more important, and part geometry the conventional medium carbon wire rod) and
and the modulus of elasticity (identical for subsequent quenching and tempering were elimi-
carbon and HSLA steels) controls materials nated [?6
selection. In these caseq, the pot-ntial A noteworthy effort to reduce fabrication
weight savings on direct substitution is con- costs is the ongoing move to HSLA steels in
siderably reduced, and HSLA steels may not be Navy shipbuilding to replace the heat-treated,
economical. In some cases, component redesign high-alloy HY-80 and HY-IO grades [21]. In
(e.g. the use of beads or ribs to increase addition to the lower material cost of the Cu-
panel stiffness) may improve the structural bearing HSLA-80 and HSLA-100 grades, there are
performance of the part and allow for more major benefits in terms of the improved weld-
efficient use of the increased strength of HSLA ability of the HSLA grades (Figure 11). For
steels. example, by moving to the lower carbon, more-

Of course, the benefits of weight reduc- weldable, HSLA-80 grade (to replace HY-80) the
tion in terms of reduced fuel consumption are need for preheat is eliminated. The Navy
not limited to automobiles. For example, HSLA estimates the cost of preheating at $0.09 to
steels are used successfully to reduce weight, $0.18 per kg ($0.20 to $0.40 per pound). Con-
and hence improve fuel economy, in trucks, rail sidering anticipated Navy shipbuilding pro-
cars, off-highway vehicles and even ships grams, the reduced material and fabrication
(Figure 7 [10]). Although there are concerns costs translates into a potential reduction in
about the extent to which weight can be reduced Navy shipbuilding costs of about $0.2 to $1.0
in ships because of buckling and stiffness billion over the next decade [21].
considerations, a range of 10 to 30% for HSLA The use of HSLA steels in building and
steel usage is probably reasonable [21]. bridge construction provides a good example of
Alternatively, instead of fuel savings, the use reduced costs through more efficient design.
of HSLA steels to reduce vehicle or vessel In fact, the development of hot-rolled and
weight allows an increase in payload while normalized HSLA steels in the early 1960's
keeping fuel costs the same, an important allowed more cost-effective design of buildings
consideration for the transportation industry, and bridges, (hence the rapid growth of HSLA

Finally, the idea of "iterative" weight plate and heavy structural shipments in this
reduction should be presented. An example of time frame - Figure 1). Considering alternate
this redesign process as applied to off-highway designs for structures (Figure 12 [10]), it
vehicles is shown in Figure 8 [22). Weight becomes apparent that, if the design strength
reduction in one component (in this case a tool is based on both yield and tensile strength,
attachment) can lead to a "multiplying" effect the most efficient design (in terms of material
by allowing smaller engines, drive-trains, and costs) is for steels with yield strengths of
body support structure. Although the amount of about 350 MPa ([50 ksi], usually produced to
this "other" weight reduction depends signifi- ASTM A572 and A588 specifications). More
cantly on the type of vehicle being considered, recent work, however, suggests that if fabrica-
estimates for automobiles suggest that this tion and construction costs are also consid-
additional weight savings is about 50% of the ered, there may be some cost advantage in
component weight reduction [23]. moving to even higher strength levels [10].

REDUCED CUSTOMER PRODUCTION COSTS/MORE This is obviously a situation that deserves
EFFICIENT DESIGN - An area of interest to most further attention.
steel fabricators is the possibility of reduc- NEW DESIGNS - IMPROVED PERFORMANCE - Per-
ing their in-house production costs. In a haps the classic example of how the use of HSLA
variety of applications the substitution of steels can result in otherwise unachievable
HSLA steels for medium carbon or alloy grades designs is in the development of HSLA steels
that would normally be quenched-and-tempered for oil and gas pipelines [27,28]. In the
after a variety of operations has proved to be transport of natural gas via a pipeline, some
cost-effective. For example, consider the of the gas must be used to fuel compressor
manufacture of crankshafts (Figure 9) by drop stations along the line. The amount of gas
forging [24]; here the use of microalloyed used as a fuel decreases with increasing oper-
steels to develop the required properties in ating pressure and increasing pipe diameter.
the as-forged and cooled condition has resulted The development of HSLA linepipe steels permit-
in the elimination of the quenching, tempering, ted the use of larger pipelines operating at
straightening and stress relieving operations, pressures in excess of 112 bar (1600 psi) (Fig-
Final part cost savings on the order of 10% for ure 13 (281). Today HSLA linepipe grades with
forged components like connecting rods and yield strengths up to 483 MPa (70 ksi), in
crankshafts have been achieved by the substi- thicknesses up to 25 mm (1 inch) are readily
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available. Of course, in addition to higher requirements) can be achieved by judicious
strength in greater thicknesses, these HSLA compositional modification (e.g. lower carbon
grades also provide excellent toughness, good and sulfur contents, nickel additions, etc.)
field weldability, resistance to ductile crack and/or processing changes (e.g. more severe
propagation, and in some cases, good resistance controlled rolling, accelerated cooling after
to aggressive (sour gas or C02 ) environments, rolling, etc.).
This combination of properties makes linepipe Ensuring an adequate level of toughness is
steels the premium HSLA grades available today. of particular concern when an HSLA steel re-
Similar considerations are also being gi:n to places a quenched-and-tempered (Q&T) product,
steels for offshore structures, particularly e.g., as is being considered for some of the
for application in colder, more hostile seas. forging applications discussed earlier. In

these cases, the conventional Q&T product is
OTHER CHARACTERISTICS OF HSLA STEELS usually a medium-carbon steel and the thermo-

mechanical treatment imparted by the standard
In the previous sections we have focused forging operation is akin to hot-rolling. If a

on some of the factors contributing to the microalloyed steel at the same strength level
increased use of HSLA steels in various appli- is substituted without any modification in
cations. As such, we have accentuated the carbon level or forging practice, the result,
benefits of these steels in terms of weight illustrated in Figure 16, is usually reduced
reduction, design efficiency and reduced fabri- notch toughness [34]. Witt. a reduced carbon
cation costs. However, some of the other content, controlled forging practices and
engineering properties of HSLA steels that may accelerated cooling after rolling, some im-
impact on manufacturing or service performance provements in toughness are achievable. How-
must also be considered. ever, considering the available routes to

FORMABILITY - Generally speaking, increas- higher strength in HSLA grades, the development
ing strength means reduced formability in all of a Charpy transition temperature similar to
forming modes. Several authors [29-31] have the Q&T grades at yield strength levels of
defined the loss in 3tretch formability result- 700 MPa (100 ksi) or higher is unlikely.
ing from the increased strength level of HSLA Whether the reduced toughness levels of these
steels; for example, forming limit diagrams for HSLA steels will suffice depends on the specif-
350 and 550 MPa (50 and 80 ksi) steels compared ic application, e.g. medium carbon HSLA forging
to mild steel are shown in Figure 14 [30]. steels have been judged to be adequate by Volvo
Similar strength effects are noted when assess- for automobile connecting rods and steering
ing the sensitivity to edge failure (e.g. knuckles, but not for truck front axle beams
cracking during expansion of a sheared hole); [35].
however, in this case, control of inclusion FATIGUE PROPERTIES - In many applications,
volume fraction and shape may offset some of fatigue strength is the important design param-
the formability loss at the higher strength eter. The fatigue strength of steels generally
levels [321. Whether the formability of a par- increases with increasing tensile strength.
ticular HSLA steel is adequate depends on the Thus HSLA steels exhibit improved fatigue
particular application. In most cases, part behavior compared to as-rolled mild steel. In
redesign and/or minur modifications in the man- addition, microalloyed steels exhibit hardening
ufacturing process have successfully resolved during cyclic testing while Q&T steels
initial forming difficulties encountered with cyclically soften. Thus, a 550 MPa (80 ksi)
HSLA steels. yield strength HSLA steel has about the same

NOTCH TOUGHNESS - Toughness is of signifi- strain-life fatigue behavior as a 700 MPa
cance in many structural applications, and in (100 ksi) yield strength Q&T product [36]. In
general, the combiftion of microalloying and most applications, fatigue strength does not
controlled rolling produces improved tough- limit the use of HSLA steels. However, in the
ness compared to hot-rolled mild steel (Figure presence of a welded joint, fatigue strength
15 [33]). Even better levels of toughness can be significantly reduced [e.g., 22, 34,
(e.g. to meet severe linepipe or Navy toughness 37]. Consider, for example, the use of HSLA

steels for automotive wheel rims (Figure 17).

While the fatigue strength increases con-
tinuously with increasing tensile strength for

In many cases total elongation as measured the base metal, in the presence of a notch

in a tensile test provides a realistic (simulating a welded joint in a rim) there is a
rating of the relative formability of these maximum in fatigue strength at a base metal
steels. tensile strength of about 585 MPa (85 ksi)

(37]. Consequently, in conventional wheel rim
** Controlled rolling uses lower rolling tem- production, there may be a limit to the

peratures compared to conventional hot roll- strength level at which HSLA steels can be
ing. When combined with appropriate micro- effectively utilized. In extreme cases, if the
alloying, the result is significant ferrite welded joint is in the high stress area, there
grain refinement, and hence improved tough- may be no advantage gained by using HSLA steels
ness. (since the fatigue strength of the welded joint
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is similar to what would be achieved in mild combinations of Ti, B, rare earth metals or Ca;
steel). In these cases, component redesign to these additions provide good toughness in the
put the weld in a less critical spot relative heat-affected zone, even when welding at high
to the operating stresses offers one way to heat inputs [43-451.
make use of HSLA steels. MACHINABILITY - In forging applications,

WELDABILITY - In various kinds of welding in particular, machining of the final part may
procedures, adequate weldability is usually contribute as much as 50-60% to the total cost
defined in terms of a "maximum" carbon equiva- of manufacture [46]. The machining properties
lent (e.g. 31, 381. In terms of resistance of HSLA steels compared to Q&T steels at a
spot welding in the automotive industry, HSLA similar strength (hardness) level, are there-
sheet steels can be successfully joined with fore of importance with regard to the applica-
suitable adjustment of welding parameters. For tion of these grades. Research to date gener-
example, HSLA steels require lower currents and ally indicates that HSLA steels have at least
a higher electrode force (Figure 18 [39]) than similar, and sometimes better machinability
mild steel. Minimum nugget diameters, about than Q&T steels (Figure 20 [47]). Of course,
20-30% larger than for mild steel, are also standard routes to improved machinability (e.g.
usually specified for HSLA steels to eliminate calcium treatment, higher sulfur contents,
"interface cracking" of the weld, and to etc.) may also be applied to HSLA steels.
provide for increased load transfer to match CORROSION RESISTANCE - The corrosion per-
the higher strength of the HSLA grades. Most formance of HSLA steels in various environments
manufacturing engineers are now familiar with is considered to be similar to that of mild or
the parameters required to successfully spot low-alloy steel [21,31]. Consequently, when
weld HSLA steels, and inadequate weldability no the use of HSLA steels leads to a reduction in
longer appears to be a significant barrier to component thickness, reduced corrosion life may
the increased use of HSLA sheet grades. be a concern. However, with today's knowledge

In arc welding of plate steels, we are of corrosion prevention techniques and the
concerned with cold-cracking in or near the availability of a variety of improved coatings,
heat-affected zone of a weld. To avoid cold- corrosion concerns are usually not a barrier to
cracking, conventional steels are often pre- the application of HSLA steels.
heated; the necessary preheat depends on
factors such as strength level, composition, SUMMARY
weld restraint level, plate thickness, welding
heat input and weld metal hydrogen. There have This brief review demonstrates that HSLA
been many successful efforts to develop preheat steels can provide significant benefits to
temperature guidelines based on these factors, potential users in terms of more efficient
and the state-of-the-art has been recently designs, reduced production or fabrication
summarized by Yurioka [38]. Considering compo- costs and/or improved performance. At the same
sitional factors, it is now well appreciated time many other important engineering proper-
that the "Pcm" carbon equivalent allows a more ties of HSLA steels may also be improved or at
realistic assessment of the weldability of low least be similar to those of the low carbon or
carbon steels compared to the conventional IIW quenched-and-tempered grades currently in use.
carbon equivalent [40]. More recently, Yurioka On the other hand, there may be some instances
et al. [41] proposed a "blended" carbon equiva- where the reduced formability or notch tough-
lent, CEN, which is similar to the Pcm formula ness of some HSLA steels (compared to current
at low carbon levels (<0.17%), and fo]lows the grades of choice) may limit applications. How-
IIW formula at higher carbon levels . Many ever, with the bottom-line gains that are
modern HSLA steels exhibit superior weldability achievable through the use of HSLA steels, it
to mild steel because of their lower carbon is important for potential users to carefully
contents and lower carbon equivalents assess the cost/performance trade-offs on a
(Figure 19 [42]), and do not generally require case-by-case basis, with special emphasis on
any preheat to avoid cold-cracking, even in the design criteria that control the service
thicker plates. HSLA steels are also available performance of the component.
with deliberate additions of Ti or various

* These various carbon equivalent formulae are,

Mn Cu + Ni Cr + Mo + VCE (IIW) - C + - + 15 + 5
6 15 5

Si Mn Cu Ni Cr Mo V
Pcm C+30+20 +20 60 20 15 T+5B

Si Mn Cu Ni Cr + Mo + Nb + V
CEN2 6 C+ A(C).[2+ 5++ +

where, A(C) - 0.75 + 0.25 tanh [20(C-0.12)]
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DEVELOPMENT AND APPLICATION
OF HIGH STRENGTH STEELS FOR
COST AND WEIGHT REDUCTION

D. J. Naylor
British Steel Corporation

Swinden Laboratories
Rotherham, S60 3AR

South Yorkshire, Great Britain

ABSTRACT DESPITE THE SIGNIFICANT CONTRACTION in the
European steel industry during the past decade, there have

The paper will review several developments of HSLA steels, been major improvements in plant and processing conditionsThese have included continuous casting, ladle arc
including microalloyed steels, in the form of long (billet and sea incl sel pratices clsin modfic
bar derived) and flat (narrow strip) products steelmaking, clean steel practices, inclusion modification,
These new materials have been made available through controlled rolling and other thermo-mechanical treatments
Teene mdvatcers havdern beelma g raiaes, ugh They have led to increased productivity and also to improvedrecent advances in modern steelmaking practices, e.g.

improved cleanness (lower sulphur contents and inclusion product quality. Combined with a better metallurgical
shape control), close chemical composition control and understanding of the relationships between processing,thermomnechanical treatments microstructure and properties, it has therefore been possible

These developments have been stimulated in response to the to develop, at an economical cost, new steels for a wide range
demands of steel users for products with increased strength of applications. Over the same period, there have beendemads f seel ser fo prduct wih icreaed tregth growing demands from steel users for:
levels whilst maintaining or even improving the toughness at wig dands f ro t el se s for
progressively lower temperatures, and also with acceptable weight saving: to improve fuel consumption and
formability, machinability or weldability and for use in provide more efficient components.
increasingly more aggressive environments, cost reduction: to resist the challenge from
Several illustrations will be given of the development and alternative materials.
applications of high strength steels which offer better 'value in inrese siget resince ouse'. These include: damage without increasing weight or cost

use'.Thes incude:These requirements can be satisfied by the use of higher- Microalloyed steels for air cooled forgings, not requiring These inemany ca te ised ten ghe
conventional heat treatment. strength steel. In many cases, the increased stength levelshave to be achieved whilst maintaining, or even increasing,Hligh strength, tough and weldable steels for forged fittings tetuhes tporsieylwrtmeaue

and flanges the toughness, at progressively lower temperatures
Hot and cold rolled strip for automotive components. Futhermore, the higher strength steels must have acceptable
High strength, tough steels for more efficient gas cylinders, formability, weldability and machinability, to ensure that the

The successful application of high strength steels for cost and components can be fabricated economically This paper
weight reduction and more efficient material utilisation will provides several examples of the development and
also depend on design considerations and optimisation. applications of high strength steels for cost and weight
Another important aspect influencing the successful reduction.

The successful application of high strength steels for'imlenttion pupof' Ho estel is e d e sri o better "value-in-use" and more efficient material utilisation
'f, tness for purpose' to ensure safe and acceptable service

performance. The contribution of fracture mechanics and depends also on design considerations and optimisation
strain controlled fatigue data to help achieve this objective Weight saving, through the use of higher strength materialswill also be described and discussedl will depend upon how the structure or component is stressed.

For all practical purposes, the elastic modulus of steels is fixedand the use of a higher strength steel simply provides the
design engineer with the opportunity to stress the material to
a higher elastic limit. The presence of non-uniform stress
fields, such as in bending, limits this weight saving potential,
which is clearly maximised under uniform axial loading
conditions. Close attention to design detail to limit stress
concentrations is therefore required.
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Care must be taken, when modifying an existing design, (b) Mechanical Properties
to ensure that a reduced section thickness does not endanger
tl-e stability of the product due to buckling. Control of elastic VANARD 'field Tensile Charp U
displacement is also an important consideration which can Grade I.B Strength Strength El. % Notch
often limit the use of higher strength steels in building N/mm 2  N/mm 2  ,J
construction and in moving part machinery.

The design engineer must also take into consideration 850 223/277 > 540 - 70-930 > 18 >20
the likely increase in the risk of fracture resulting from the 925 248/302 >600 850-1000 > 16 >20
higher operating stresses, as well as the need to evaluate any 1000 269/331 >650 930-1080 > 12 > 15
potential problems arising from fatigue loading or 1100 293/352 >700 1000-1160 >8 >10
environmental susceptibility. Another important 49MnVS3 240/260 >500 800-900 >8 >15
prerequisite, therefore, is the demonstration of fitness-for-
purpose of higher strength steels to ensure a sa,'e and This development programme nlcluded a detailed
acceptable in-service performance. The use of fracture evaluation of the effects of chemical composition and
mechanics and strain controlled fatigue data in these processing variables up,,n microstructure and mechanical
considerations will be described and discussed, properties. A minimum soaking temperature f 1100°C is

necessary to realise the full strengthening pot ntial of the
LOW COST HIGHSTRENGTHSTEELSFOR vanadiu.n addition. The ductility and tcughness of

AUTOMOTIVE FORGINGS microalloyed steels are improved by reducing the finish

forging temperature, consistent with a refinement in the
Over the past 15 years, the UK production of cars and austenite grain size. However, the specified properties can be

commercipl vehicles has fallen from over 2 million to about I developed over a wide range of forging temperatures.
million units/annum. Consequently, the home market Increasing the post forging cooling rate genera.ly increases
demand for engineering steels in the form of billet and bar has yield and tensile strength, due to grain and precipitate
also reduced by about 50%. Over the same period, there has refinement and enhanced dispersion hardening However,
been a growing demand from the automotive industry for there is an optimum cooling rate, above which the strength is
lower cost components which, together with an increasing reduced, due to the formation of bainite and the suppression of
threat from alternative materials such as castings and precipitation. Bin cooling direct from the forge n;'ust be
composites, has represented a considerable challenge to the eliminated and the forgings should be cooled individually to
steelmaking and forging industries, hi response, a new series 600'C, either on a conveyor or on a rack. Some forgers have
of medium carbon microalloyed steels has been developedl,2  installed special conveyor systems which have tL.e facility to
with the objective of eliminating the cost of expensive heat accelerate or retard the cooliag rate as required.
treatments to achieve the specified properties. These steels Following the extensive testing of laboratory and
attain the desired properties during controlled air cooling production casts, it has been possible to establish rigorous
following forging. multiple regression relationships between composition,

A small addition of vanadium (typically 0.1%) to processing conditions and properties. These equations
a medium carbon steel produces a 20% increase in tensile facilitate the selection of the precise chemical composition
strength, Fig. I, by the formation of a fine dispersion of needed to meet the desired properties and also enable
vanadium carbo-nitride precipitates during air cooling. A recommendations to be made to the forging industry on the
German specification, 49MnVS3, was first utilised in the processing conditions that will give the most consistent
1970's for this approach but it was apparent that this steel property response. The excellent correlation between the
could not match effectively some of the high strength alloy predicted and measured tensile strength for several as-forged
steels used for automotive transmission components. automotive components is shown in Fig. 3. It has also been
Consequently trials were conducted at Swinden Laboratories demonstrated that these air cooled forgings exhibit more
on various C-Mn-V steels, which led to the achievement of consistent properties than conventionally heat treated parts
increased strength levels compared with 49MnVS3. The Unlike most heat treated carbon and low alloy
composition of the new steel is selected from the range shown steels, which soften during repeated loading, microalloyed
in Table 1, depending upon the specific properties required, carbon steels exhibit cyclic strain hardening, as shown in Fig
equivalent ruling section and forging conditions. Controlled 4. This effectively co.apensates for the initial lower yield
sulphur ranges are selected, depending on the machinability strength of the air cooled steels
requirements The full mechanical property specifications are In addition to achieving the specified mechanical
also shown in Table 1, indicating the higher strength, higher properties, it has also teen necessary to satisfy potential users
toughness and ductility compared with 49MnVS3. The new that microalloyed steel forgings can be finished and fabricated
steels satisfy the BS 970 280M01 specification and the without problems The surface hardening response of air
superior properties compared with SG and austempered cast cooled microalloyed steel, with induction hardening and
irons are illustrated in Fig. 2. nitriding, has been shown to be quite satisfactory. It has also

been demonstrated that the machinability of these steels is at
Table I - Microalloyed Forging Steel least as good as that of equivalent strength heat treated steels.

(a) Chemical Composition, Wt. % Ilowever, in sonic instances, it may be necessary to optimise
tool geometry and cutting conditions to maximise the benefits.

C Si Mn P _ V Because of their lower impact toughness compared with
heat treated steels, the initial applications of the high

0.301 0.15/ 1.0/ 0.035 0.10 0.04/ strength microalloyed forging steels were restricted to non-
050 035 1.5 max. max. 0.20 shock loaded components, such as crankshafts and connecting

rods. Before being introduced into production vehicle
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manufacture, extensive product evaluation and rig testing and heavier than if the strength was equivalent to that of the
were conducted to demonstrate that they had acceptable pipe.
fatigue performance. The new steel is now being used by For many years, HYPLUS 29 has been the standard
Austin Rover for the 1.3 litre Metro and Maestro engine steel for " high strength" fittings. HYPLUS 29 is a 0.22% C
crankshafts and by Ford Motor Company for the York diesel max., 1.6% Mn max., 0.2% V max. steel, with a minimum yield
engine connecting rods. As confidence in these new materials strength of 400 N/mm 2 in sections up to 60 mm and a
has grown, trials have also been conducted on more safety- minimum Charpy impact energy of 27J at -30C. This is
critical steering and suspension parts. Acceptable fatigue adequate for many applications but linepipe and fittings are
properties have been obtained on steering arms, which are increasingly required to cope with greater den'ands in terms
now used on the Metro car, wheel spindles, knuckle,- and hubs. of the gas/oil being carried, the pressure of operation and the
Following successful component fatigue tests, Rolls Royce environmental conditions. This has necessitated the
have approved the use of microalloyed steels for drive development of an improved high strength steel for pipeline
couplings Microalloyed steel steering knuckles have shown fittings. However, the increased strength has to be obtained
more than double the fatigue life of heat treated alloy steel, together with higher impact energy levels at increasingly
Front wheel hubs have been subjected to pendulum impact lower test temperatures and with adequate weldability. These
tests at 45C without inducing fracture. Rear wheel hubs requirements may be summarised as follows:
have also been subjected to curb impact testing without Yield Strength > 448 N/mm 2

fracture occurring, whilst adjacent parts of the suspension Tensile Strength > 530 N/mm 2

were broken or damaged. These practical results clearly Impact Energy > 50J @ -46C
indicate the fitness for purpose of air cooled, microalloyed Section Size < 150 mm
steels for many safety critical applications in the chassis. Carbon Equivalent < 0.45%
Other evaluations, which are currently in progress, include A new series of low carbon microalloyed steels has beer
steering swivels, lifting arms, track roller shafts and gears. developed(6 to meet these objectives with compositions in the

The fracture toughness of air cooled, microalloyed steels range: 0.10% C max., 1.5% Mn max., 0.015% P max., 0.005% S
have been determined with values between 50 and 85 MPa max., 0.20% Mo max., with additions of Nb and V. Steels
\/m, compared with 80 to 120 MPa v'm for heat treated alloy within this composition range are also being used to meet the
steels. Consequently, the critical crack sizes are smaller than BS-224-490 and LF2 (mod) specifications.
with conventionally heat treated lu% alloy steels. Therefore The variation of yield strength with carbon equivalent
each application should he judged on its merits to determine value in these new CMnMoVNb steels is shown in Fig. 6, for
whether these are tolerable normalised and water quenched and tempered conditions in 50

There is much interest currently in attempts to improve and 150 mm sections. This enables a composition to be selected
the impact toughness of air cooled microalloyed steels for for a given application
forging and bar applications. The use of lower finishing The properties produced in a large water quenched cnd
temperatures is known to refine the austenite grain size and tempered 36 inch weld neck flange from a production cast
enhance toughness, although this is often not practicable. made to the new analysis are shown in Table 2, with the
Claims have been made that microalloyed steels with bainitic specimen locations shown in Fig. 7. The end user has
structures offer improved toughness13 -' A more cost effective conducted a detailed welding assessment on this flange and
prospect, however, is that offered by" a small grain refining has obtained satisfactory results with the maximum HAZ
addition of titanium, which is best applied to continuously cast hardness of 279 IIV,
steels Fig. 5 illustrates the improved properties that can be
obtained Table 2- Mechanical Properties of X65 Flange

Cost savings ofup to 25%£ have been realised through the (a) Tensile Results
replacement of heat treated alloy steels by microalloyed steels
The new steels are being produced from continuously cast 0.2% Tensile
billet and in some cases, forgings have been manufactured Direction Position Proof Strength El. RofA
directly from as-cast billet, representing further savings. Stress N/mm 2  % %

The success of this development, which has contributed
to the retention and growth of traditional markets for steel Tangential AT7 447 589 29 72
forgings, has been dependent upon close collaboration between AT8 453 584 29 72
the steelmaker, forger and automobile manufacturer. The BT7 454 591 28 70
microalloyed steels referred to in this section are being BT8 446 578 28 74
marketed by United Engineering Steels, under the trade CT7 450 589 29 73
name of VANARI) CT8 442 576 29 74

IIIGII STENGTII, TOUGII AND WEI)ABIE FITTINGS Radial AR 473 607 26 68
AND FLANGES ARI 497 622 23 69

As described in an earlier paper at this conference, there have Axial DX4 444 585 23 55
been, in recent years, significant developments in the D)X5 440 583 25 65
controlled rolling of plate for linepipe, such that much higher
strength levels are now regularly specified, e g up to API X65. Tangential I)Tl19 571 680 24 74
Until recently, this has not been matched by compatible Weld Neck
developments in fittings manufactured from plate, forgings or
rolled rings Therefore, the fittings have been made from Test Bar 525 642 24 73

lower strength materials and consequently they are larger Longitudinal
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(b) Charpy Impact Results arbitrary and the diversity of approach increases markedly
the amount of development and product validation work

Direction Position Impact Energy required. Greater rationalisation of steel specifications would
at 00 C J benefit both the steelmaker and end user and facilitate the

development of steels for even more demanding applications.
Tangential ATI 162 There is a growing requirement for the steelmaker to

AT2 167 "guarantee" acceptable properties in his product after forging,
AT3 161 heat treatment, welding and post-weld stress relief. There is,
AT4 170 therefore, a need for continuing collaboration between
AT5 166 steelmaker, forger, fabricator and the end user on the
AT6 202 preparation of the most appropriate and relevant

specifications for high stregth, tough and weldable steels such
BTI 185 that the maximum benefits can be gained from these new
BT2 150 microalloyed steels.
BT3 162
BT4 165 HIGH STRENGTH STEEL STRIP
BT5 162
BT6 172 The demand for higher strength low alloy (HSLA) steel

strip, particularly in the automotive industry, has increased
CTI 178 steadily over the past two decades. Down gauging becomes
CT2 169 possible (provided stiffness is not a limiting factor), and the
CT3 186 weight of components is reduced, leading to lighter vehicles,
CT4 220 reduced pay load and improved fuel consumption. In addition,
CT5 168 more stringent safety requirements for vehicles may be met
CT6 204 more economically by using higher strength strip. However, in

general, increasing strength leads to a reduction in
Radial ARI 120 118 60 formability/ductility and this has put pressure on the steel

AR2 118 100 90 producer to improve the formability of high strength steels.
AR3 90 65 91 Furthermore, the increasing complexity of design of

components has necessitated tighter gauge tolerances and
Axial DXI 112 greater consistency of mechanical properties, particularly

DX2 54 yield strength to control springback. Springback control
DX3 Ill together with ease of weldability is required to facilitate

Excellent toughness values were obtained in the |tAZof production or assembly of components in fully automated
welded fittings in the CMnVNb steel, as shown in Table 3. processes.

The principal strengthening mechanisms utilised in strip
Table 3 - Toughness of Welded and Stress Relieved Joint are:

in New BS-224-490 Microalloyed - increasing carbon content - this has a very adverse effect on
Steel Forging formability and weldability.

-grain refinement, through microalloying additions of
Location ImpactEnergy niobium or titanium and control of soaking temperature,

Charpy at 30'C finish rolling temperature and cooling rate.
J - solid solution strengthening, by phosphorus, nitrogen, silicon

or manganese - used mainly in cold rolled gauges.
Weld 132 - transformation strengthening by the evolution of acicular
Fusion line 122 ferrite, bainite or dual phase structures.
Fusion line + 1 mm (plate) 118 -dislocation strengthening by cold work, e.g temper rolling,
Fusion line + 4 mm (plate) 157 after annealing cold rolled strip. Partial annealing of cold
Fusion line + I mm (forging) 271 rolled strip to develop a recovered structure also offers the
Fusion line + 4 mm (forging) 266 potential of reasonable strength and formability.
Plate 166 - precipitation strengthening by vanadium, titanium or
Forging 264 niobium. These elements are every effective in combination

with the control of the rolling parameters, in providing a
Acceptable results have also been obtained in IiIC tests capability of a wide range of strengths in strip products.

conducted in BP and NACE solutions. - 'bake hardening', by strain ageing of the cold formed part
It is axiomatic that the lighter, smaller section fittings, during the stove painting process (at - 180'C). A bake

that can be designed in these higher strength steels, will also hardening steel has the advantage of a relatively low strength
assist in the achievement of a good combination of properties (< 200 N/mm2 ) in the as-received condition, only achieving
from as lean a composition as possible. For instance, in 50 mm the desired strength in the finished component. However, the
sections, the CMnMoVNb steel is capable of achieving X75 strength attainable is quite low, e.g. <255 N/mm 2.
properties, in the water quenched and tempered condition. The British Steel Corporation offers high strength steels,

Various organisations are tending to devise in wide and narrow strip form, under the trade names of
individual specifications for high strength fittings. These Tenform and HYPRESS 7M, respectively. The properties of
involve different restrictions on the main alloy and these steels are summarised in Table 4.
microalloying additions These often appear to be quite
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Table 4 - Properties of BSC High Strength Steel Strip produce many of these components from bake hardening

steels, particularly the outer body parts where fidelity of form
Minimum Minimum Minimum is more important. This is perceived to be the major growth

Grade Yield Tensile Elongation opportunity for HSLA steels, which will probably also involve
Strength Strength % single sided electrozinc coating treatment.

N/mm 2  N/mm 2  (50 mm GL) Dual phase steels, which offer high strength levels and
good stretch formability appear now to have a fairly limited

Hot Rolled range of practical applications in view of their high cost.
Depending on design, gauge reductions of up to 25% can

HYPRESS 20 300 400 28 be achieved by using high strength steels in place of mild
HYPRESS23 350 430 25 steel. However, for many body applications, modulus is the
HYPRESS26 400 460 22 limiting design feature and in these circumstances, down
HYPRESS29 450 510 21 gauging must be accompanied by the use of appropriate
HYPRESS35 550 600 17 stiffening features.
HYPRESS 40 620 680 18 Component designers are seeking to predict the life of
HYPRESS45 700 750 15 components from a knowledge of the loading spectrum and
Mild Steel (HS41 170 280 25 material properties, based on cyclic stress/strain and strain
TENFORM XK300 300 400 26 controlled fatigue data. There was a concern that the high
TENFORM XK350 350 430 23 strain fatigue resistance was inversely proportional to
TENFORM XK400 400 460 20 strength being related to the reduction in ductility. Fig.10
TENFORM XK450 450 500 20 confirms that the elastic limit is proportional to strength
TENFORM XK300 300 400 28 (0.5xTS) and that the plastic fatigue properties are unaffected
TENFORM XF350 350 430 25 by strength. This should give added impetus to the adoption of
TENFORM XF450 450 500 22 higher strength steels for the construction of cars, trucks and

highway vehicles.
Cold Rolled HSLA steel strip can be adhesively bonded or welded

readily, provided that the appropriate strength adhesives or
HYPRESS20 300 400 28 consumable is used. Higher electrode forces and longer times
HYPRESS23 350 430 25 are required for spot welding. Excessive localised heating
HYPRESS 26 400 460 22 should be avoided to prevent softening occurring in the HAZ.
HYPRESS29 450 510 21
TENFORM XJ300 300 400 24 GAS CYLINDERS
TENFORM XJ350 350 430 22
TENFORM PK255 255 360 28 High pressure gas containers are used in diverse
TENFORM PK270 270 400 28 applications, ranging from heavy industry, health care to sub-

aqua diving. The need to maintain high standards of cylinder
Formability is a particularly important parameter in safety is paramount but there is also a requirement for the

the use of HSLA strip and the inclusion content of the steel industrial gas companies to ensure high efficiency, cost
has a major effect on the cold forming properties This is effectiveness and convenience. Over the past 50 years, there
illustrated in Fig. 8, which shows the effect of sulphur content has been a progressive improvement in the efficiency of
on the hole expansion characteristics. In modern steelmaking seamless, steel cylinders, as shown in Fig. 12(8). For instance,
practices, sulphur contents as low as 0.005% are achieved a 50 litre water capacity cylinder that would have weighed
quite readily. However, even at this sulphur level, it may be 210 kg in 1920 now weighs only 60 kg. The major changes
necessary to add sulphide globularising agents, such as have been accomplished through the use of more highly
calcium, in order to reduce the adverse effect of elongated alloyed, higher strength steels, as shown in Table 5.
sulphides and maximise the formability of the steel.

There is currently interest in the use of CMn steel strip, Table 5 - The Composition, Heat Treatment and Mechanical
produced under carefully controlled rolling, cooling and Properties of Seamless Steel Gas Cylinders
coiling conditions, for car wheel applications. Typical yield (a) Chemical Composition, Wt. %
and tensile strength levels are 360 and 550 N/mm 2

respectively. These steels offer superior fatigue properties to Steel C Si Mn P S Cr Mo Ni
mild steel and, as shown in Fig. 9, better formability than
equivalent strength microalloyed steel. LowC 0.15- 0.05- 0.4- 005 0.05

IISLA steel strip finds extensive application in motor cars 0.25 0.35 0,9 max. max.
and trucks and examples include:

wheels, bumpers, brackets, clutch and brake parts, seat High C 0.35 0.05- 0.6- 0.05 0.05
frames and slides, chassis and side frame members, 0.45 0.35 1.0 max. max.
suspension parts, roll over protection sections, door frames
and hinges and other structural parts C-Mn 0.40 0.10- 1.3- 0.05 0.05

HSLA steels are also used in the construction industry max. 0.35 1.7 max. max.
for various cold formed sections for buildings, scaffolding parts
and storage racks. Cr-Mo 0.37 0.10- 0.4- 0.05 0.05 0.8- 0.15- 0.50

The rephosphorised, cold rolled steels are used for max. 0.35 0.9 max. max. 1.2 0.25 max.
bonnets, boots, tailgates, dashboards, doors, sills, floors and
underbody Automotive manufacturers would prefer to
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(b Mechanical Properties BS 5045/1/1982, these steps should provide a very significant
increase in efficiency.

Heat Yield Tensile El. One way to increase the strength of the heat treated, low
Stee l Treatment Stress* Stress % alloy Cr-Mo steel used for gas cylinders is to adopt a lower

N/mm 2  N/mm 2  tempering temperature. However, this will result in a
reduction in toughness. An alternative approach is to use a

Low C N or N + T 250 430-510 22 more highly alloyed steel with a better tempering resistance,
such that a higher strength can be obtained at conventional

High C Nor N + T 310 570-680 19 tempering temperatures, without loss of ductility and
toughness. In order to assess whether the properties obtained

C-Mn N or N + T 445 650-760 20 by such practices are acceptable, prototype cylinders were
Q + T 755 890-1030 14 produced initially in the conventional alloy steel, varying the

strength levels by adjusting the tempering temperature.
Cr-Mo Q + T 755 890-1030 14 These were subjected to a comprehensive property and

microstructural evaluation, which included fatigue and burst

N - normalised tests with ond without the presence of artificial defects.

Q- quenched Fracture toughness tests were also conducted and several
T - tempered models were formulated to predict the failure modes.
* - max. design value One of these models considers the failure of thin walled

-min. actual value pressure vessels by both plastic instability and fracture.
"Leak and Arrest" occurs when the failure hoop stress is equal

Another way of improving the efficiency of gas cylinders to the part-through tensile instability stress. "Leak and
is to increase the ratio of the stress (pressure) in the container Propagate" occurs when the critical stress of a through-wall
to the strength of the material. Throughout the world there crack is exceeded and propagation occurs. "Burst" occurs when
exists a vast number of specifications, standards and the critical fracture stress of a part-through crack is exceeded
regulations for the design and manufacture of seamless and failure occurs without prior leakage. It is necessary in

such an analysis to apply a correction to the hoop stress forcylinders and for the transportation of their contents,. ohpr-hog n houhtikesdfcsdet

Recently, an international specification, ISO 4705, has been both part-through and through-thickness defects due to
agreed and EEC directives relating to seamless and welded bulging. The relevant stress ratios have been computed forsteel cylinders and seamless aluminium cylinders became different defect sizes (Depth D and Length L), expressed as aeffective proportion of the wall thickness (t) and the boundariesDifferent design formulae are adopted in different between "Burst", "Leak and Arrest" and "Leak and
countries to calculate the cylinder wall thickness from the Propagate" behaviour for four strength levels, achieved by
operating or test pressure, yield strength, and cylinder varying the tempering temperature of a standard steel, are
diameter- A safety factor is also built into these relationships, shown in Fig. 12. It is clear that only at the highest strength

expressed as a fraction of the yield strength. There is level examined in this work are burst type fractures likely.

considerable debate about the value of this safety factor. This was confirmed in the practical trials on the test cylinders.
Clearly the higher the factor, the thinner the wall but the The use of microalloy additions, such as vanadium, to
lower the apparent safety margin. The cylinder wall is the increase the strength has been proposed( 10) and it was also
thinnest region in the vessel and hence the most highly suggested that low sulphur contents and sulphide
stressed. A cylinder, if it is to burst ( e g. in an extreme fire), modification are necessary in order to achieve acceptable
will normally rupture in the parallel portion However, high toughness at tensile strength levels in excess of 1030 N/mm 2 .
stresses can be generated near the knuckle region, at the A series of laboratory casts has been produced by BSC to
transition from the wall to the concave base. Recent advances examine various options, including higher molybdenum and
in the use of finite element analysis techniques have led to the silicon contents and a vinadium addition. These have been
development of cylinders in which such stress concentrations processed to simulate gas cylinder production with the
are minimised. intention of achieving, a minimum yield strength of 950

It is anticipated that the trend to increased efficiency N/mm 2 in the quenched and tempered condition. The results
(i.e. gas carried per unit weight) of cylinders will continue, of tensile and impact tests on these steels are given in Table 6.
This will require even higher strength steel but without risk Table 6 - Properties of Alternative High Strength Steels
of catastrophic failure. Therefore such a development will for Gas Cylinders
entail a consideration of the factors governing the safe Steel 0.2% Tensile Charp
performance of gas containers - e.g. should a failure occur, it is Proof Streh El. R of A at
desirable that the container should depressurise safely by a Stress % % -60'C
leak rather than by a burst. Attention is therefore focused on N/mm 2 N/mm 2  J
the role of defects in possible failures. A fracture mechanics 1% Cr-0.2% Mo 788 909 20 70 133
philosophy is being adopted to identify steel compositions, (standard)
heat treatments and design criteria that will provide the basis
for a more efficient and safe gas container. Standard 851 951 18 68 104

Work in the U.K., as part of a Government sponsored
project 9 ), has been addressing itsclf to this issue. Arising 1%Cr-0.35% Mo 996 1093 18 67 104
from this project, it is likely that recommendations will be
made to revise the appropriate British Standard (BS 5045) 1%Cr-0.2% Mo-0.1% V 965 1032 17 63 59
to allow a higher minimum yield strength, together with a
higher design stress/yield stress ratio. Compared with i%Cr-0.2% Mo-I.0%Si 985 1095 20 63 51
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Certain disadvantages are noted with respect to the vanadium 7. Edmonds, C., Balliger, N., White, B. and Welburn, R.W.,
treated steels and the best strength - toughness relationships IAVD Congress, 1984.
are obtained in the Cr-Mo steels. Further trials are being 8. Irani, R.S., Metals & Materials, 1987, 3, (6),333
conducted on cylinders made from some of these alternative 9. Irani, R.S. and Oldfield, F.K., Pressurised Transport
compositions to improve further the efficiency of gas Containers, I. Mech. E., April, 1985.
containprs, either by increasing the pressure of the gas and/or 10. Rana, M.D. and Selines, R.J., European Patent, 1987,
reducing the wall thickness. 0126461.

This development demonstrates that through the 11. Kunishige, K. and Nagao, N., Sumitomo Search, 1985,
co-ordinated approach of designers, steelmake-s and 31,53.
component manufacturers, very significant advances can be
made in material utilisation, reduced costs and ease of gas
handling, through the use of high strength steel.

SUMMARY

This paper has highlighted several applications of high
strength steels where benefits have accrued through weight
and/or cost reduction. These developments, most of which
have involved microalloying additions, have all provided a
metallurgical challenge with the need to maintain toughness,
ductility, formability and weldability at an increased strength
level. Many of these requirements have only been attainable
with the advent of modern steelmaking practices and the
production of low sulphur, clean steels with close chemistry
control, controlled processing and consistent properties. The
new high strength steels have provided economic benefits,
ease of fabrication, reduced operating costs, improved safety
standards and more efficient material utilisation. These
developments have also helped to preserve and expand the
market for steel against increasing pressure from competing
materials.

The full potential of high strength steels is only realisable
when there is close collaboration between steelmaker,
component manufacturer, fabricator, designer and end user,
with appropriate design modification and optimisation.

Further development and application of high strength
steels will also depend to some extent on continuing capital
investment in modern steel plant, e.g. accelerated cooling for
plates, controlled rolling for bar products, continuous
annealing for strip and also controlled processing facilities in
the forge.
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ALLOY DESIGN OPTIONS AND COMPOSITIONAL
TRENDS FOR HLSA LINE PIPE

J. Malcolm Gray
Microalloying International. Inc.

Houston, Texas, USA

undersea pipelines and in other infrastructure
"ABSTRACT" related to petrocarbon recovery.

The rate of development of microalloyed
Compositional and manufacturing trends for high steels has been stimulated by end user demands
strength linepipe are reviewed. for higher strengths but more importantly by the
Current technology reflects the evolutions in need to simultaneously improve other properties
steelmaking, thermo-mechanical and alloy design that affect the integrity of the completed pipe-
that have occurred during the last thirty years. line. The focus on specific properties has
All steels are low in interstitials, namely rotated with time as different priorities emerged
nitrogen and carbon, and have impressive reduc- with each major projects and with escalation of
tions in impurities achieved through ladle wafety requirements imposed by regulating bodies.

metallurgy. Inclusion shape control is widely End user demands and influences are summa-
practiced such that the steels have excellent rized in the tabulation below:
notch toughness and resistance to H 2S degrad-
adation. 0 Higher Strengths.
Carbon equivalents for the higher strength
grades such as X-80 are at very low levels not o Better toughness at low temperatures
considered feasible as recently as ten years ago. (-60 0 C).
The resulting low HAZ hardnesses ensures high
resistance to hydrogen assisted cold cracking and o improved weldability - Lower hardnesses and
degradation by SSC mechanisms. resistance to cold cracking.

0 Resistance to sour hydrocarbons.
THE METALLURGY OF LINEPIPE STEELS has
evolved since 1959 when microalloyed (HSLA) o Resistance to "frost heave" in permafrost
steels were first introduced into the pipelining conditions.
arena.

The incentive for adopting microalloyed o Improved ductile fracture resistance.
steels related to their improved weldability when
compared with steels based on traditional high o Economic pressures leading to demand for
carbon-manganese formulations. In retrospect the steel formulations and manufacturing routes
steels were still very crude, being semi-killed and that maintain the economics of microalloyed
having impurity levels of sulfur and phosphorus linepipe.
around 0.025 percent which were typical of steel-
making and refining technology at that time. This exacting environment produced a fertile

Nevertheless the steels were enthusiasti- arena for applying microalloying concepts, and

cally received and the momentum led to their steelmakers and pipe manufacturers respond'l by
wide widespread adoption. In the ensuing thirty developing new technologies such as those listed'
years the steels have evolved from their utili- below:
utilitarian beginning to become sophisticated
engineering materials that feature prominently in o Better steelmaking - Lower carbon and
the major oil and gas arteries that span the nitrogen contents and improved compositional
continents as well as in offshore platforms, control.
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o Advanced continuous casting practices- METALLURGICAL DEVELOPMENTS
uniform cooling and in line (soft) reduction. The first microalloyed steels used in

pipelines had a yield strength of 52 ksi (363 NlPa)o Ladle metallurgy. Lower gas contents and (X-52) (1). Today the predominant strength levelsimpurity levels and inclusion shape control used for onshore pipelines are 60 to 70 ksi (420treatments, to 489 MPa) (X-60 to X-70) with a move to X-80
appearing imminent. However existing technologyo Thermomechanical processing. could probably accommodate requests for X-100
lineplpe (3) if the engineering and cost benefitso Accelerated cooling after rolling, can be verified and fears of increased suscepti-
bility to stress corrosion cracking can be diffused.o Improved seam welding technology. For offshore pipelines it is normal to use X-60 or
X-65 Grade linepipe particularly if sour hydro-Linepipe manufacture is the most interna- carbons are present. Higher strengths and thin-tionalized segment of the steel industry and all ner walls increase negative buoyancy which addsmajor producers with the exception of those in to the costs of installing the lines.the Soviet Union are net exporters of product. The demand for higher strengths andNaturally the rate of technology development was simultaneous improvement in toughness presents anot uniform and in the early 1970's Japanese, dilemma for the metallurgist since these prop-German, French and Italian mills assumed the erties normally related by an inverse trend.ascendancy; all ,imulated by heavy demand for However strengthening based on ferrite grainadvanced linepipe for Soviet and Middle Eastern refinement satisfies the need to maintain tough-construction. ness as strength increases and all processingDuring this conference we shall hear reports developments described in the literature (4) areby several manufacturers who will describe the related to reducing ferrite grain diameter orcurrent state-of-the-art concerning linepipe refining the bainite microstructure of the finalmanufacture and HSLA metallurgy. International- linepipe plate.ization of the industry created a very competi- Grain refinement is usually achieved by

tive market place as the New Industrialized arranging the rolling of austenite such that smallCountries (NIC's) entered the picture. This and austenite grains are produced that have a highthe vast centralized purchasing power of the level of stored energy Sv resulting from lowSoviet Union has led to continuing cost pressures temperature rolling in the "non-recrystallization"while specifications have advanced or become region. The magnitude of Sv is obtained from the
more sophisticated. The need to contain the relationship
costs of new projects in the Arctic and the
introduction of novel design concepts will Sv = Sv (GB) + Sv (IPD)
perpetuate this tendency.

While there will always be a hierarchy Sv = 0. 4 2 9NLR + 2.571 NLZ - NLT + NDBgoverning the technical capability of producers it Sine
is important to note that today International
standards and expectations are generally at a where S - total effective area per unit vol.,uniformly high level. The state of development mm2/mmn3
in the NIC's is described in the paper being pres-
ented by Bordignon at this conference. (1). Sv (GB) = grain boundary contribution to Sv ,Historically the gas transmission pipeline mm2/mm 3
industry has been based on straight-seam sub-
merged arc welded linepipe but considerable Sv (IPD) = intragranular planar defectprogress has been imade in adopting spiral seam contribution to S,, mm2 /mm 3

product and in extending the ERW manufacturing
technique to larger sizes. (2). Both of these NLR, NLZ, NLT = grain boundary intercept
products have been used extensively in critical number per unit length
applications in offshore lines and in other
environmentally sensitive situations, along rolling, thickness and transverse directions,

The organizers of this conference have asked respectively.
us to prepare a review of metallurgical trends
that have prevailed in the pipelining environment NDB = number of IPD per unit area, mm/mm 2

described above, and have further requested that
the speakers adopt a tutorial approach In the & = angle between IPD and plate thicknesspresentation of their data. direction
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The temperature of transformation to ferrite Copper and nickel may be added at the ratesis controlled either by alloying with manganese, of 0.30 and 0.15 percent respectively when thenickel, boron or molybdenum used singly or in steels are designed for sour service.combination, or by increasing the cooling rate Carbon Contents - Carbon contents havewith water delivery that is applied via complex moved steadily downward and desirable levelswater delivery systems that are installed close to may be as low as 0.02 to 0.03 percent for steelsthe plate mill exit. Of the two approaches water based on acicular ferrite microstructures. Thecooling results in higher ferrite nucleation rates, dramatic changes since 1975 can be judged by(5) plus superior weldability and economics, and comparing the compositions in Table I with thosethis accounts for continued expansion in its use. published in the line- pipe papers in theFigure 1. proceedings of the conference "Microalloying 75".
For conveniene that data is summarized in Table
II

CHEMICAL COMPOSITIONS

Typical chemical compositions of steels used today
for producing yield strengths of X-65 to X-100
have been presented in a recent paper (5) and it
is inappropriate to duplicate all tabulated data
in that manuscript in the limited space available
in these proceedings. The basic alloy designs for
each strength level generally fit into the
following compositional ranges.

C-Mn

05 Ni (BASE)05NNi

E 0- 0C

N 0 /0c/s
(1) 4--- -

- 8 IO-C-/s
I.-

n 6

66 700 740 780
Ar 3 ,'C

LEGEND:
-. -- • Ni ADDITION

- ACCEL COOLING
OPEN I0 C/s
HA LF 50C/s
SOLID IOC/s

FIGURE 1. Effect of Interrupted Accelerated
Cooling and Nickel Content on Grain
Size of Ferrite Transformed from
Deformed Austenlte (4).
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TABLE I

ryjpical Chemical Compositions of Steels Used for Manufacture of X-S2 to X-100 Linepipe

C Mn S P Nb V ivo B Ti

X-52/60 0.06/0.14 0.90/1.30 -0.010 0.018 0.03 - -

X-65 0.05/0.11 1.10/1.50 <0.005 0.015 0.03 0.04 - -0.015

X-70 0.04/0.09 1.30/1.60 <0.004 0.015 0.03 0.08 * 0.015

X-80 0.02/0.05 1.50/0.05 <0.002 0.010 0.015 0.08 * 0.015

X-100 0.02/0.04 1.60/l.80 <0.001 0.010 0.05 0.08 0.15/0.30 *

*Optional

TABLE 11

Summary_ of Chemical Compositions of X-52 to X-100 Steels used for

Manufacture of Linepipe, Circa 1974/75.

Company rade Thick ClubamNckl'CrminAuaaaro -n~~bon Manganese: Silcon T~lmimVanadimiMybdenum - -'ho-u

& Steel X5 1.m 0.17% 1.0 0.5 -.45 1

~Usinor 16 16 mm 0.12% 1.45% 0.30%! 0.045% - 0.22% - -

IPSCO X70 11.9 mm 0.045%: 1.89% 0.10%. 0.077% - 0.25% - -

U.S. Steel Corp. -- s---------- ~1-
Resarc X65 12.7 mm '0.07% 1.40% 0.25%j 0,035% .- 0.30% [-.-

Kawasaki Steel X70- -25 - rm 0.06% 170% 0.25 004 0.03% 0 030%
0.7 8 05~.005%% 0-1-0 .

Nippon Kokan K K. X70 19 mm '0.08% 1.50% 0.30%: 0.035% 0.10%1
Hoesc~oeIX65 15.1 0 .05% 10 0.25% 0.03% . 01% - .0

0.13%Enl 1.2 0.6 0.09% 053%__

Nippon Ste 7 9mm 10.10% 1.40% 0.25% 0,045% 0,10% 0.30% -

X(70 20m10.08% 175% 0.11%, 0.047% I- 0.25% 0.20%
0.0% 1.0% 0.30% 0.03% I . - 0.45%1-

IndustriMesM- -X65- 19- mm 10.09% 1.39% 0.33% 10.01 8% 0.08% - . - I

Italsider -X60/65- 15 - Mm'0.14%[ 1.50% 0.30%1 0.04% -- - .

X70 10 mm 0.1_3% 1.50% 0.30% 0.035% 0.07%
X070 15 mm 1.6 1 .65% 0.35% 0.05% - -~0.35% 0.30% -

USSR Research X65 +1
I ~~ ~_ rmVT0]t l01% 13%L 3

__~mLiled 40mr01% 13% 02%0.13%t -

;maximum thickness
Ipius 0.028% nitrogen

S1JUUR AND PHOSPIPHORLS - The trend In guaranteed Today huge quantities of linepipe steel,
sulfur and phosphorus contents during the past totalling over 10 mililion tons/yr are produced
fifteen years Is shown in Figure 2 (7.8). with sulfur levels of 0.005 percent and below. To

The pressure to reduce sulfur contents put this development inito perspective it should be
first emerged In the early 1970's in connection recalled that as recently as 10 years ago contents
with the need to Improve ductile fracture arrest of twice these levels were not available on a
capabi lity. Later demands for improved HIC uniform basis and even then they often attracted
(stepwlse cracking resistance) reinforced this severe cost premiums when mandated by
trend. specifications.
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Phosphorus Increases activity of carbon and
increases the hardening tendency in carbon INCLUSION SHAPE CONTROL - Metallurgists
segregated regions of continuously cast slabs, have known for some time that globularization of
Thus, lower phosphorus levels are useful for inclusions Is as important as desulfurization in
educing the tendency for link-up of HIC cracks improving Charpy V-notch shelf energy and
by stress assisted SSCC mechanism and it is usual reducing stepwise cracking. (Hyrogen Induced
to limit maximum contents to 0.008 to 0.010 Cracking (HIC) in sour environments.) For this
maximum for sour service linepipe. These levels reason inclusion shape control with zirconium rare
require application of hot metal dephosphorizatlon earths or calcium were introduced on a broad
treatments to reduce contents from the 0.015 to basis in the 1972 to 1977 period. Most high
0.018 percent maximum levels that are represent- toughness pipe used to guard against ductile
ative of todays iron ore sources and steelmaking fracture propagation was produced by these

technology. means.
NITROGEN - Nitrogen is very harmful to Rare earths tend to produce sub-surface

Charpy and BDWTT transition temperatures in- oxysulfide stringers in ingot casting and result in
creasing both at the rate of 35 0 F/0.OOIN (9). nozzle blockage during continuous casting and
It also detracts from attainment of high HAZ zirconium suffers from other disadvantages. For
toughness levels and it increases the likelihood of this reason ladle metallurgy techniques have been
sub-surface cracking during continuous casting. perfected to reduce sulfur to very low levels and
For these reasons optimum nitrogen levels have to allow optimized treatment with calcium which
moved down to 0.003 to 0.004 percent during the has emerged as the preferred globularizer.
past five years. At these concentrations Typical ranges for residual calcium are in the 15
supplemental treatment with 0.010 to 0.015 to 50 ppm range since high levels lead to renewed
percent titanium which acts as a scavenger risk of problems caused by inclusion stringers arid
reduces "free" nitrogen to innocuous levels they may affect arc stability when field welding
thereby reducing risk of HAZ degradation during with the GMAW process.
welding and ensuring maximum toughness at low WELDABILITY - The Microalloyed steels that
operating temperatures. first entered the linepipe market had carbon

Attainment of these desirable nitrogen levels equivalents of 0.50 percent and above (10). This
is far from universal amongst different steel- is considered a relatively high level today but in
makers and problems still may be encountered 1959 the steels were hailed for their superior
particularly when Electric Arc Furnace steel- weldability and resistance to hydrogen assisted
making is combined with deep desulfurization and cold cracking (11) compared with the simple
poor stream protection during casting. carbon-manganese steels that they replaced.

Further improvements in steelmaking and
alloy design have led to a steady decline in
carbon contents as described earlier. For the
X-70/80 Grades the microalloying strengthening
processes will not operate efficiently at high

S carbon and nitrogen levels due to the effect of
(ppm) these interstitials in reducing solubility of
1OOO carbonitrides. Therefore X-70/80 steels have

P carbon contents that do not purely reflect
(ppm) S concerns for field weldability and one can argue

o that their field performance may often be
000 0 o 100 superior to lower strength steels when all other

0 00-0 factors are equal.
The trend toward improved weldability as a

P . function of time and the simultaneous escalation

100 o , 0 -oO of strength level are shown in Figure 3. The
carbon contents and carbon equivalents are
superimposed on the cracking risk diagram

* 4 developed by Granville (12).
1940 !950 1960 1970 1980 Most advanced linepipe steel manufactured

today has low nitrogen contents and is alloyed
CALENDAR YEAR with 0.010/0.115 percent titanium. The resulting

low free nitrogen content reduces the risk of
hydrogen assisted delayed cracking and further-

FIGURE 2. Trend of warranted sulfur and more greatly improves HAZ toughness values.

phosphorus level converter steels
melted In Japan (7.8)
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6. Proceedings, Microalloying '75 Conference,
October 1-3, 1975, Washington, D.C.,

Copyright Union Carbide Corporation, 1977.

X-52(1960 7. Yamada K. and T. Usul, "The Role of Hot
ZONE I Metal Pretreatment and the Converter

030 WELDAI LE WITH CARE
EProcess for Clean Steel Production."

CARE 
ZDNE III

VERY DIFFICULT TO WELD Proceedings of Conference Inclusions and
00- OResiduals in Steel Ottawa, Ontario, MarchTRAC 

4-5, 1985, p. 3 .

x - - ,....L 2608. Kozasu, I. and K. Tsukada, "The
ZOE I, .Metallurgical Design of Modern Line Pipe

-1.00a 000WELA ILITY Steels." Proceedings of Conference
ULC Inclusions and Residuals In Steel Ottawa,

. ; 0 7b Ontario, March 4-5, 1985, p. 1 19 .
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Relationships for Precipitation Hardening,"
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FIGURE 3. Path of Linepipe Development with

respect to Graville's (12) Hydrogen 10. Altenburger, C.L., "Columbium Treated, Mild
Assisted Cracking Diagram. Carbon Semi-killed Steel," AISI Regional

Technical Meeting No. 59, Buffalo, N.Y. 1960.
See Also U.S. Patent No. 3,101,822.

CONCLUSION - Todays linepipe steels reflect
thirty years of evolution during which period 11. Barkow, A.G., "Columbium-Treated Steel in
strength and toughness requirements have been High Pressure Line Pipe Service." AISI
increased. The trend in mechanical properties has Regional Technical Meeting No. 59, Buffalo,
been matched by improvements in steelmaking, N.Y., 1960.
ladle metallurgy, continuous casting and rolling.
Second generation alloying approaches based on 12. Graville, B.A. "Cold Cracking in Welds
low carbon acicular ferrite and avallpbility of in HSLA Steels." Welding of HSLA
accelerated cooling devices support the trend (Microalloyed) Structural Steels. Published
toward X-80 or even X-100 strength levels while by ASM., AIM/ASM Conference, Rome, Italy,
maintaining the excellent weldability for which November 9-12, 1976.
microalloyed steels are noted.

For sour service applications degradation by
SSCC mechanisms limits useful yield strengths to
the X-60/70 strength level but low carbon micro-
alloying designs teamed with excellent impurity
control result in sophisticated products that are
highly resistant to H2 S attack.
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EXPERIENCE IN SUPPLY OF ARCTIC
GRADE LINE PIPE FOR SOVIET

CONSTRUCTION PROJECTS

Peter A. Peters, Hans-Georg Hillenbrand
MannesmannrOhren-Werke AG

4330 Mulheim a.d.
Ruhr, FRG

MANNESMANN HAS A LONG TRADITION of This speaks well for the quality
cooperative work with Russia in the of pipes from Mannesmann. It is of
field of pipelines. This is best course also a proof of the careful
documented by the fact that Siemens laying operations and the subsequent
constructed a pipeline from Mannesmann maintenance of the pipeline.
pipes for the Caucasian copper mine The trade in pipes resumed after
works as early as 1889. In 1897 World War II. About 200,000 tonnes of
seamless pipes of 8" diameter were pipes were supplied in 1962 before the
supplied to Russia. They were threaded business was practically brought to a
pipes and were used in the construction standstill by the embargo in 1963.
of an oil transmission pipeline of over The present paper only refers to
850 km length. The pipes were joined the time period from 1970 till now.
together using couplings. The Moreover, it is only concerned with the
components were furnished by the works large diameter line pipe for the
at Komotau and Rath. The pipeline transportation of sweet gas.
between Baku and Batumi (Figure 1) has Figure 2 shows the length of pipe
been in operation since 1906. in kilometers supplied every year

during the period 1970 to 1987.
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(1970 - 1987)
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II

The yearly supplies varied between 1975 onwards, thermomechanically
750 km and 1500 km and the total length processed plates have been used for
of the pipe supplied over the entire pipes with thinner walls in addition to
period is 20,000 km. Pipes with a conventionally rolled and normalized
diameter of 56" constituted a major steel plates for pipes with wall
portion of these supplies. The pipes thicknesses > 19. 5 mm. From 1976
were intended for use at an operating onwards, the plates have only been
pressure of 75 bar. From 1980 onwards produced by thermomechanical rolling,
pipes have also been specified for an irrespective of the plate thickness.
operating pressure of 100 bar. In the Since 1986 accelerated cooling has also
course of these 17 years, the line pipe been incorporated into the process of
specifications and also the production plate manufacture, whenever needed.
methods have been improved as the During the same period, the
state-of-the art in technology has requirements of the Russian
advanced. For example, the wall specifications have also been altered.
thickness of 56" diameter pipes has The specified minimum yield strength
been reduced over the years from 17 mm has been increased from 412 N/mm2

through 15. 7 mm to 14. 5 mm, making use through 461 N/mm2  (X 67) to 510 N/mm2.
of the increase in minimum tensile The carbon content of the steel has
strength values of the line pipe steels been reduced from 0.20 % through 0.12 %
and the lowest design factors. maximum to 0. 09 % maximum. The carbon

equivalent as determined by the IIW
REQUIREMENTS FOR LINE PIPE WITH A formula has also been reduced from 0. 50

DIAMETER OF 56" (1420 MM) to 0.44 maximum (Figures 3 and 4).
Figure 3 shows further that manganese

Pipes made from conventionally levels up to 2. 0 % will be accepted
rolled and normalized plates were only nowadays. The maximum allowable sulphur
supplied during the years 1970 to 1974, contents have been lowered from 0.025 %
as shown in Figure 3. to 0. 008 %.

The concept of moving over towards
higher operating pressures has often
been discussed since 1980, but has not

TTMT MACOS yet been materialized on a large scale.
E X67 TMT (MACOSI - The toughness and transition

X X60 Normalzed Normalized TMT temperature requirements are also
contained in Figure 4.

115.7 C6,C C, Mo-V N, ,cu
1 14.5 5 15

0.19 0.50 1C 0.20 I 10181 0.12 10.09 90.46
Mn 11.65 11.551 1.65 1 1.75 1 2.0 1 044

S- I 0.025 10.015 0010 1 .o08

S"" ax 9.5
n  

V T. ma. 0.16
P max 0030-0.025 Cb max. 0060 I S 5

V max. 0.08
Mo max. 0.30 r- 1 F = 1

I '' 95 80
1970 1975 1980 1985 1990 20

0
C CVN 1 60 8580

'+100ha, b t1 100 ba, 60
0
C Mesnger 322514 0 Ave,age Single value base metal

TECHNICAL SPECIFICATIONS 1970- 1987 OC Shea area (or go

20
0

C (b,1emetaH 1 _ _ __1 85

Figure 3
1970 1975 1980 1985 1990

This was mainly due to high costs ... O00h, ' I00 ba

associated with thermomechanical
processing of steel plate with TECHNICAL SPECIFICATIONS 1970- 1987

thicknesses > 16. 5 mm as a result of
reduced rolling mill efficiencies
(efficiency reductions up to 60 %), Figure 4
compared to conventional rolling. From
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STEEL DEVELOPMENTS and dislocation strengthening.
Reduction of pearlite content,

There was no scope to improve the grain refining, dislocation hardening
strength levels of normalized steels and precipitation hardening had
beyond X 60. The reasons for this were contributed in combination to the
the requirement for improved field development of X 67 steel with improved
weldability and the desire for weldability and favourable transition
increased toughness levels. This temperatures.
restricted the increase in the amount Further increases in strength and
of alloying elements which would have toughness, which led to the development
been necessary to raise the mechanical of X 80 steel, could only be attained
strength. No additional improvement was by altering the steel matrix from
possible in this field until a new ferrite-pearlite to ferrite-bainite
rolling process known as thermo- microstructure. In comparison with the
mechanical treatment (TMT) was thermomechanically rolled X 67 steel,
introduced on a commercial scale. the X 80 steel has a reduced carbon

Figure 5 shows the developments content, reduced grain size and an
that have taken place in line pipe increased dislocation density. These
steels, starting from the X 60 two steel grades also differ in their
normalized steel, as supplied in the precipitation characteristics.
early 1970' s. Figure 6 shows the actual changes

that these developments have brought
about in individual steel grades, for
example, in the yield strength,

GR - Grain Refinement transition temperature, impact energy,
PH Precipitation Hardenng carbon content and carbon equivalent.

X80---------- --- DH - Dislocation Hardeng
MACOS DH PR Pearitte Reduction

PH CE uw X60 N

0.60 -- X67 TMIT

---- X80 MACOSX 67 . . . . . . . . .Ri

TMT - - ----------- PR

PH DWTT 85% ,,' "

FATT 0 1' 010 , C content

X60 oIIN~~~~~ ~ ~ ~ ~ ~ o €. /4 -- -- -, ,' -/ ------ ------ 4

zed G GPR
__ze __ \ 20 -/ 1

Decrease 0Increase

Transition temperature\ 
040

STEEL DEVE'OPMENT 0 300

Av - 29
0

C (J) Rp (N am
2
l

Figure 5 _
The chemical composition of this PROPERTIES OF LARGE-DIAMETER PIPE FOR USSR

The hemial cmpoitio of his1970 - 1987

steel was about 0. 2 % C, 1. 5 5 % Mn,

0. 12 % V, 0. 03 % Nb and 0. 02 % N.
The thermomechanically processed Figure 6

X 67 steel mentioned in the figure was
microalloyed and contained only just A comparison of the conventionally
0.12 % C. rolled and normalized X 60 steel with

Thermomechanical rolling resulted the thermomechanically processed and
in a significant reduction of the accelerated cooled X 80 steel shows
ferrite grain size. Grain refinement is that the yield strength has been
the only method by which both strength improved by more than 120 N/mm 2 . At the
and toughness can simultaneously be same time, the low impact energy values
improved, of about 50 J of the X 60 steel have

The loss of strength resulting been raised to greater than 120 J for
from reduced pearlite contents could be the X 67 steel and approx. 210 J for
offset by precipitation strengthening the X 80 steel. The DWTT transition
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temperature (85 % shear area), which is its ferritic-bainitic microstructure.
a major criterion for pipeline safety, Grain refinement and increased
is below - 30 "C for the X 80 steel. dislocation density attained by
The field weldability is also an accelerated cooling as well as modified
important property in the context of recrystallization and precipitation
line pipe steels. One of the most characteristics attained by a combined
governing factors on field weldability addition of niobium and titanium at
is the carbon content of the steel. It reduced nitrogen levels are the basic
has been reduced from 0. 2 % for the principles involved in the development
X 60 steel to 0. 07 % for the X 80 of line pipe steels.
steel. The carbon equivalent of the Figure 8 gives an idea of the
thermomechanically processed and actual grain size distribution in
accelerated cooled X 80 steel is almost ferrite and bainite /1/.
the same as that of the thermo-
mechanically processed X 67 steel,
whose field weldability has already
been proved by a large number of BANITE FERRITE

existing pipelines.
The developments in line pipe

steels can be better illustrated by ioqarithn~c normal distribut,on
considering the improvements achieved
in the microstructure. Figure 7 shows
typical microstructures of the three
types of line pipe steels discussed.

X60 NomhIed
~ '4 ASTM 7 '8

m '. t.. _______,_____ ________.. .. .._,

t-.a_--- -.."&Wf.- 02 0.5 2 5 10 20

" - -- ASTNf 1 GRAIN SIZES IN FERRITE AND LATH TYPE BAINITE

Figure 8

The measurement of bainite grain
X OMACOS size is only possible in the electron
ASTM 12/13 microscope. Dark field technique was

um used, since only by this technique is a
A, distinction between low and high angle

TYPICAL MICROSTRUCTURES OF NORMALIZED. grain boundaries possible. The average
TM-TRCATED AND MACO-STEELS and the smallest grain diameters of

ferrite in thermomechanically treated
steels are 5 4m and 2 4m respectively.

Figure 7 In contrast, the average grain diameter
in bainite is < 1 pm and individual

Banded ferrite and pearlite and bainite laths with widths as low as
coarse ferrite grain size (ASTM 7 - 8) 0. 2 4m are found. The logarithmic
are the characteristic features of values of grain sizes both in ferrite
conventionally rolled and normalized and bainite exhibit normal
X 60 steele. The microstructure of X 67 distributions.
steels is more uniform and the ferrite Bainite has normally a higher
grains are finer (ASTM 10 - 11). The dislocation density than ferrite.
most uniform and extremely fine Measurement of dislocation densities
microstructure is attained by requires extensive experimental work.
accelerated cooling that follows It includes the measurement of specimen
thermomechanical rolling, as shown for thickness at each area of dislocation
the X 80 steel. The improved properties density measurement. Then a set of high
of this steel are to be attributed to magnification micrographs are to be

70



w 1

taken from the same specimen area. samples.
Convergent beam diffraction technique Grain size and dislocation density
is preferentially used to measure the measurements were made as in the case
specimen thickness, since this of Figures 8 and 9, in order to derive
technique, among other things, enables the vectors of Figure 5.
one to make the most accurate
measurements. The micrographs are DEVELOPMENT OF THE MNNBTI STEEL
subsequently analyzed by superimposing
grids over them and counting the number In the course of the development
of intersections between the grid lines work, a large number of laboratory
and dislocations. These counts in casts with varying chemical
conjunction with the specimen thickness compositions were tested, which
measurements are then used to calculate exhibited excellent property
the dislocation densities. Figure 9 combinations even in the accelerated
shows, as an example, the results of cooled condition.
two series of dislocation density Addition of 0. 02 % titanium to a
measurements /l/. niobium microalloyed C-Mn steel with

about 0. 1 % C, 1. 5 % Mn and 0.03 % Nb
results in an enhanced grain
refinement. The mechanism of grain

FERRITE BAINITE refinement through titanium additions
will be discussed later in some detail.
The grain refinement coupled with a
reduced carbon content of 0.08 %
results in significantly higher
toughness but slightly lower strength
(Figure 10).

Charpy V notch toughness at 20 OC (J

300

1 5 % M

003 Nb

0,3 0,5 1 3 5 10 30 200 TM - MACOS

Dslocation Density y C x l0
9 

cm 2]

DISLOCATION DENSITIES IN FERRITE AND T, addiutr

LATH-TYPE BAINITE TM

M,Nb

00 10% /

Figure 9 15 %Mn
0 03% Nb

The ferritic specimen was
thermomechanically rolled at a finish 600 650 70

rolling temperature just above the Ar3  Tensilestrength (N ,i2

temperature, which is responsible forthe low dislocation density (3.7 x 109  ...
DEVELOPMENT OF MnNb-STEELS THROUGH ADDITIONAL MICRO-

cm -2) measured here. Markedly higher ALLOYING WITH TITANIUM AND THE USE OF TM-MACOS

dislocation densities can also be
obtained in ferrite if the finish
rolling is carried out in the Lwo phase Figure 10
region close to the Ar2 temperature. The
dislocation density of the bainitic Accelerated cooling of the plate
specimen is 16.9 x 101 cm- 2 and is also after thermomechanical rolling leads to
low, compared to the values normally an increase in the strength by 50 N/mm2

found with bainitic structures. The to 70 N/mm2 without any detriment to
lower dislocation density of the the toughness.
bainitic specimen here is to be The effect of microalloying
attributed to a relatively low finish elements on the mechanical and
rolling temperature. Significantly technological properties of thermo-
higher dislocation densities have mechanically processed line pipe steels
indeed been measured in other bainitic is governed by the reactions of these
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elements with carbon and nitrogen.
Therefore, knowledge of these reactions
will greatly assist in achieving the T 16.6oa3
specific targets set in the development Ni 13.6 9.3
of materials. The prerequisite for the
successful use of niobium and titanium
was the availability of tonnage
processes for producing steels with low
nitrogen levels. Nb

Energy-dispersive X-ray micro- N
analysis and measurement of lattice
constants were carried out in order to Nb - t-iodetermine the compositions of Nb 7 93.8
carbonitrides precipitated in the Ti 33 6.2
steels which had been microalloyed with
niobium and titanium in various
concentrations.

In the MnNb steels, a major
fraction of the niobium reacts with
nitrogen in the upper austenite region I T
and gets tied up. Only a minor fraction , .. - ........ ,
of thu niobium remains in solution that ... -
is free to form Nb (C, N) in the lower EDX- ANALYSS OFCARBONITRDES INaustenite or ferrite region to cause MnNbTn -STEEL (TM-TREATED)
precipitation hardening.

In the MnNbTi steels, one takes Figure 11
advantage of the high affinity of
titanium to nitrogen. At titanium-to- The spectrum given in the upper
nitrogen ratios higher than the half of the figure shows the
stoichiometric ratio, nearly all of the concentrations of metallic componentsnitrogen combines with titanium at high in the cube-shaped carbonitride
temperatures to form nitrides or particles and reveals that they consist
carbonitrides. These precipitates mainly of titanium, together with acontain very little niobium or no small proportion of niobium. The lower
niobium at all. The carbonitride half of the figure shows the metal
precipitates, which are rich in content in rounded particles andnitrogen, inhibit grain growth in the suggests that they are composed almost
upper austenite region. Practically, wholly of niobium.
all of the niobium remains in solution. The chemical compositions of the
It lowers the recrystallization non-coherent particles were determined
temperature and thereby leads to a by coupling the results of extensivesmaller austenite graia size. Moreover, microanalyses with the information
it is free to form carbon-rich obtained from the corresponding
carbonitrides at lower temperatures. diffraction patterns.
The free niobium gives rise to the Figure 12 shows the distribution
formation of fine precipitates in the of the lattice parameters oflower austenite region and to an carbonitride particles found in a MnNb
intensive hardening through coherent steel /2/. The data presented in theprecipitation in the ferrite. figure reveal that the precipitates are

These microstructural changes are mainly NbN. The small fraction of
better understood by the results of titanium carbonitrides found is to beelectron microscopic investigations on ascribed to the presence of titanium as
the precipitates. Figure 11 shows, by a residual element in the steel. Theseway of an example, the results of carbonitrides are practically always
energy-dispersive X-ray microanalyses present in steels, even when they are
of carbonitride precipitates in the not alloyed with titanium.
MnNbTi steel /2/.
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The histogram in this case
NumberofdNffractionpaOern NbN NbC exhibits two distinct maxima. The first
25 of these two maxima corresponds to

titanium carbonitrides that form at
very high temperatures. The second one

i0 corresponds to niobium carbonitrides
rich in carbon. They form during

T,N T,C thermomechanical rolling in the lower
15 austenite region.

Figure 14 shows the variation of
tensile strength and toughness with the

10 manganese content in MnNbTi steels.
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The results obtained with MnNbTi _ _. ...... .. ..
steels differ markedly from these, as 200

shown in Figure 13 /2/.
TM

100
N[,rTrbrr 5 O tt'e} lr] rrrpr 'r', 1,5 05 2 2

INFLUENCE OF THE MANCANESE CONTENT ON THE MECHANICAL

0 Wit PROPERTIES OF MCrNbT, STEELS

5 "N ,.:Figure 14

With conventional manganese
contents of about 1. 5 % it is possible

10- to attain tensile strengths > 600 N/mm2

through thermomechanical rolling.
Accelerated cooling following the
thermomechanical rolling results in an
increase of the tensile strength to >

7 650 N/mm 2 at manganese levels > 1. 6 %.
S / In order to attain tensile strengths

i C 400 3 "> 700 N/mm 2, manganese levels in excess
,,... ,,,, ...... of 1. 8 are needed and the

thermomechanical rolling should be
followed by accelerated cooling. The

FREQUENCY DISTRIBUTION OF LATTICE CONSTANTS OF CARRONITRIDES increaed mana nes e co ns he
MrNb T, STEEL TM- tREATED, increased manganese contents have

practically no adverse effect on the
toughness of the MnNbTi steels. These

Figure 13 results also show that the fine-grained
bainitic microstructure obtained
Lhrough thermomechanical rolling plus
accelerated cooling results in more
attractive properties than the ferrite-
pearlite microstructures obtained
through thermomechanical rolling
involving work hardening of the
ferrite.



i "7

only marginally. Additional alloying
EFFECT OF ACCELERATED COOLING AFTER with molybdenum enables strength levels

THERMOMECHANICAL ROLLING as high as X 100 to be achieved, along
with high toughness.

Figure 15 illustrates that steels The nomogram in Figure 16 shows
with strength levels up to X 100 can be the influence of important processing
produced economically through variables on the mechanical properties
accelerated cooling of the plate of Mannesmann Cooled Steels (MACOS)
following thermomechanical rolling /3/. /3/.

Chemical composition (Wt. 00) Yield strength Rp (Nimn,
2
) D T t ranstion teperature C

C 09 .11 05'07 06 08 0810 .06/.08 900--
Mn 1.4, 1.6 1-5,11 7 1.7 1 9 1.8 2.0 19,2.1
Nb .02 03 03-04 .03 04 .04".05 .04:05 800- -0

T, - 02 .02 .02
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N mom

2
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INFLUENCE OF ROLLING AND COOLING PARAMETERS ON THE

DEVELOPMENT OF ACC. COOLED STEELS (MACOS) MECHANICAL PROPERTIES OF A MnNbT,STEEL

I Figure 15 Figure 16

The cooling system is used to The results were obtained on a
advantage, especially, in the MnNbTi steel containing 0.09 % C,
production of very high strength steels 1. 94 % Mn, 0. 056 % Nb, 0. 021 % Ti and
with high toughness and good 0. 0038 % N. The values of the four
weldability. The starting point for the parameters used in the development of
steels having improved strength is the the nomogram are shown by arrows in the
optimized thermomechanically rolled figure. They are: slab reheating
X 70 (X 67) MnNb steel with Charpy V- temperature = 1200 'C, final reduction
notch impact energy values of about ratio = 4, plate thickness = 15 mm and
100 J at -20 *C. The MnNb steel is used cooling stop temperature = 470 'C.
nowadays for plates up to 20 mm In this study, the slab reheating
thickness. If a MnNbTi steel is used in temperature was varied between 1000 'C
conjunction with accelerated cooling, and 1250 *C. The nomogram shows that
the same strength level is obtained but the yield strength increases with
with improved Charpy V-notch impact increasing slab reheating temperature,
energies of about 200 J. Increase of over the entire temperature range
strength up to X 80 is possible with studied. The tensile strength, which is
MnNbTi steels if the manganese content not expressly shown here for the sake
is raised to 1. 7 % to 1. 9 %. If these of clarity, also increases in a similar
steels are subjected to accelerated way. The DWTT transition temperature
cooling after thermomechanical rolling remains constant at about -65 'C up to
toughness values greater than 200 J can a slab reheating temperature of
be achieved even at this high strength 1150 "C, above which it increases
level. considerably.

To produce a GRS 550 steel plate, The influence of finish rolling
which has a higher tensile strength temperature on the mechanical
than X 80 steel, it is necessary to properties is not shown here, since the
raise the carbon and manganese levels finish rolling temperature was so
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selected that it was always in the (Figure 4) shows that there was always
region of the Ar3 temperature. It is a comfortable margin of safety between
well known that variations in finish the two.
rolling temperature between 740 "C and Figure 17 shows, by way of an
830 "C do not exert any significant example, the values of yield strength,
influence on the yield and tensile tensile strength, yield-to-tensile
strength. Finish rolling temperatures strength ratio and Charpy V-notch
far above the Ar3 temperature result in impact toughness at -20 "C, determined
a coarse austenite and consequently in in the course of production of approx.
a coarse bainite, but with an enhanced 50,000 tonnes of line pipe for an
dislocation density. This has no order.
noticeable effect on the mechanical
strength of the steel but an adverse
effect on the transition temperature. Frequency (

0
o)

Optimum DWTT transition temperatures 100

will be attained if the finish rolling 80- X=51.34N/,,, 2  X61974N/_m2

temperature is in the region of the Ar3 557 n557

temperature. 60

The influence of reduction ratio 40 -

during finish rolling on the mechanical
strength is negligibly small in the 20
temperature range below 900 *C. 0 ,
However, the final reduction ratio 460 480 500 520 540 560 580 600 620 840 660 680

should not be too low, as otherwise low 100Yield , rengthNMM_ T _etrngh_(Nmm2

DWTT transition temperatures cannot be
attained. 80 - 8347Oo 1 1840J

The yield strength decreases only 6 557 n -1671

slightly when the plate thickness
increases, provided the rolling and 40 I

cooling parameters are kept more or 20-

less constant. The fact that the DWTT
transition temperature increases with Ni REP ...... j,,-.. .

7t 79 80 81 82 83 84 85 86 87 88 0 40 80 120 160 200
increasing plate thickness is to be Yield tensileeti mo(

0  
CVN -20

0
C Wl

attributed to the effect of specimen .......
geometry. The transition temperatures PRODUCTION REPORT OF LARGE-DIAMETER PIPES FOR USSR

of thick plates can be improved by (X67TM, 1420x18.7mm l

lowering the slab reheating temperature
and increasing the final deformation Figure 17
ratio, as shown in the nomogram. But
this results in a slightly lower The histograms in the figure show
strength of the plate. that a consistent product was furnished

The cooling stop temperature in this case. The yield and tensile
influences both strength and toughness. strengths were closely controlled and
Lowering the cooling stop temperature they are constantly above the specified
from 600 "C to 470 "C leads to an minimum values. The yield-to-tensile
increase in the yield and tensile strength ratios are relatively low.
strength of the plate. The yield This is to be attributed to the steel
strength increases by a greater amount composition chosen here. The Charpy V-
than the tensile strength, which means notch impact energies of the specimens
that the yield-to-tensile strength have a mean of about 120 J. The scatter
ratio increases with decreasing cooling towards very high values up to 200 J is
stop temperature. Cooling stop to be ascribed to extremely low sulphur
temperatures below 470 "C are not contents of some casts. These results
desired because they result in an are represer.tative of the quality of
increase of these volume fraction of M- all the line pipe shipments (weighing
A constituent, which has a detrimental more than 10 million tonnes) made to
effect on the toughness properties. the Soviet Union. If one looks now at

the property requirements shown in
MECHANICAL AND TECHNOLOGICAL PROPERTIES Figures 3 and 4 one may not find them

AND ECONOMIC CONSIDERATIONS extraordinarily stringent. But, as per

the standards of 1976 the jump in the
A comparison of the actual values yield strength from 412 N/mm 2  to

of mechanical and technological 461 N/mm' with relatively heavy plates
properties (Figure 6) with the of thicknesses > 16. 5 mm was very big,
requirements of the specifications because a minimum of 80 % shear area on
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the fracture surfaces of the correctly elements, as shown in Figure 17.
tested DWTT specimens at -20 *C and Needless to say, these steels also
relatively high Charpy V-notch impact consistently comply with the other
energies were also demanded at the same requirements of the specification, for
time. The increased tensile strength, example, a minimum of 85 % shear area
compared to the API specification for on the fracture surface of the DWTT
the same grade material, exacerbated specimen tested at -20 *C.
the situation further. This can be
better demonstrated by the steel ADDITIONAL FACTORS INFLUENCING THE
chemistries used worldwide at that PERFORMANCE OF PIPES DURING LAYING
time. Owing to the state-of-the-art in OPERATIONS IN THE ARCTIC REGIONS
thermomechanical processing at that
time it was necessary for all the Apart from the developments in
pipemakers to select steels alloyed steelmaking and plate manufacture, the
with molybdenum for pipes of these developments in pipe forming, welding,
dimensions. The molybdenum contents in nondestructive testing and coating have
the steels varied between 0. 30 % and a strong influence on the quality of
0.60 % depending on the level of the final product, namely the line
maturity attained by the individual pipe. All these steps are so adjusted
plate mills in thermomechanical that the line pipe is produced
processing. The steels were economically and is fit for the
additionally microalloyed with vanadium intended service. In many regions, pipe
and niobium and increased nitrogen laying is only possible in the winter.
levels. The basic composition was In view of the environmental
approx. 0.08 % carbon and 1.5 % temperatures between -55 "C and -60 "C
manganese. The enormous increase in the existing in the northern regions, it is
price of molybdenum forced us to resort understandable that a series of tests
to alternative methods that enabled are specified that enable one to assess
molybdenum to be reduced or even the behaviour of line pipe at -55 "C or
avoided, as otherwise the production -60 "C. For example, the Mesnager
would have been absolutely specimens shall exhibit adequate
uneconomical. toughness at -60 "C in order to ensure

Thanks to a modified rolling that there are no risks during
technique, we were able to produce the handling, including also field bending.
16. 5 mm thick plate from steels not In the case of polyethylene mill-coated
alloyed with molybdenum already in line pipe, the supplier is required to
1977. It was necessary to raise the prove that the coating system does not
niobium and vandium contents by small deteriorate in the temperature range
amounts and alloy the steel with about between +80 "C and -55 'C. Welding is
0. 15 % chromium. In the subsequent mostly carried out at temperatures not
years, the non-molybdenum steels were below -45 *C. One can easily envisage
also used for pipes with wall that manual operations at these
thicknesses < 26 mm. The economic temperatures are fraught with problems.
constraints caused by worldwide This is especially true for sensitive
overcapacities and the resultant loss operations like girth welding in the
in profits also provided an incentive field. Apart from field weldability,
in the subsequent period tc make use of the geometrical tolerances of the pipe
the steadily increasing experience in play a significant role under these
thermomechanical rolling and to unfavourable environmental conditions.
incorporate accelerated cooling into Some relief to this situation is the
the production process to develop more joining of two or three pipe lengths by
economic steel compositions. submerged-arc welding process in well
Developments in secondary metallurgy, equipped welding stations. The pipes
which permi4 steel compositions to be must exhibit close dimensional
specified with narrower limits, tolerances so that the alignment
optimization of continuous casting operations are reduced to a minimum.
technique and balanced heating, rolling On many occassions, it has been
and cooling parameters during confirmed by the Russians that the
thermomechanical processing have all advantage of our shipments consists in
contributed to the successive reduction the fact that once we accept a
of the amount of alloying elements in specification we will furnish line pipe
the steel. Thus, it is possible to that specification with consistent
nowadays to produce an 18.7 mm thick quality, no matter how large the
X 67 steel plate from a simple CMnNb shipments may become later.
steel without the addition of any other
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SPECIAL RUSSIAN DEVELOPMENTS the flash butt welds, as otherwise the
construction of a number of pipelines

Occurrence of long ruptures in cannot be completed within the planned
large diameter transmission pipelines period. They must also have thought
and the axiomatic necessity to solve over whether they should adopt the
these problems were the background to western fitness-for-purpose approach
special Russian developments such as and thereby avoid flash welding or use
multi-layer pipe, quasi-monolithic pipe other criteria for assessing the
and crack arrestors. Moreover, owing to pipeline integrity. The recent
the state-of-the-art of Russian plate publications indicate that they have
mills it was not possible for them to decided on the new concept of using
produce economically large tonnages of mechanised welding proce3ses. The
expensive thermomechanically processed Russian research institutes have
steel plate needed for the line pipe. revised the requirements for girth

The commor goal of all these welds.
developments is to improve the The intention of incorporating
resistance of line pipe to long running crack arrestors into the pipeline
cracks without adversely affecting the system fits in well with the above
production efficiencies and without concept concerning pipeline safety. In
raising the cost of steelmaking and order to safeguard the important
plate production. Two-layer spiralweld components such as compressors, slides
pipes and multi-layer pipes produced by and valves and thereby avoid failures
joining several individual pups made by and pipeline shutdowns the crack
winding up hot rolled strip are known arrestors are intended to be
to exist. But these products could not incorporated in the locations of
compete with the monolithic pipe transition to smooth pipeline sections.
because of their instability and the Considering the quality of the
lack of possibility to test them. line pipe supplied by us and the
Quasi-monolithic pipe (multi-layer service conditions known to us, we are
pipe) made from rolled multi-layer of the opinion that there is no need to
plate that was produced by suspending use such special safety measures with
plates in the casting mould and our line pipe. However, in view of the
subsequent rolling were found to resist problematical environments in the upper
the development of long-running cracks northern regions it may be prudent to
in laboratory as well as full-scale use crack arrestors to prevent failures
burst tests. But this type of pipe is in the important locations of the
not economic. pipeline system. Moreover, third-party

A further step towards the damage to an operating pipeline cannot
improvement of pipeline safety was the always be excluded.
development of multi-layer crack
arrestors having diagonal slots in the SUMMARY
inner layers or multi-layer hot rolled
crack arrestor pups. It has been proved Mannesmann looks back on its
that these crack arrestors fulfil their ninety-year tradition in furnishing the
function. Soviet Union with line pipe. About

20,000 km of line pipe, weighing
FUTURE DEVELOPMENTS approx. 10 million tonnes, was shipped

to the Soviet Union in .he period since
We recognize from the above 1970 alone.

discussions and the published Russian From the very beginning, the
work that in the future the manual specifications have been drawn up for
operations are intended to be reduced line pipe intended for use in the
more than in the past. This implies Arctic regions. Later, the
that human incompetence will be avoided specifications became more and more
and high efficiencies will be achieved stringent as the gas production moved
through the use of gas metal arc to farther northern regions.
welding with flux cored wires and above The steadily increasing demands
all through the use of flash butt have been complied with by changing
welding. Apparently, the Russians are over from normalized plate through
prepared to accept that certain demands thermomechanically processed plate to
such as high notch toughness and CTOD thermomechanically processed plus
values in the weld metal and heat accelerated cooled plate. The
affected zone, which are usually developments in the alloy design
specified in the western (MnNbTi steel) in conjunction with the
specifications, cannot be applied to accelerated cooling technology (TM-
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MACOS) have enabled the yield strength
to be raised from 412 N/mm2  to
510 N/mm2. At the same time, the DWTT
transition temperature has been lowered
from 0 'C to -20 *C. The Charpy V-notch
impact energy has been increased from
60 J at -20 'C to 95 J at -20 *C. These
improvements are attributed in the
paper to the microstructural changes,
including the reduction of pearlite
content, refinement in the grain size,
increases in the dislocation densitiy
and changes in the precipitation
characteristics.

The development of steels with the
tensile strength values of 700 N/mm 2

and 770 N/mm2 is addressed.
Quoting molybdenum bearing steels

as an example, it is shown how the
economic constraints have led to
changes in alloy design and faster
developments in processing technology.

Russian developments such as
multi-layer line pipe, quasi monolithic
line pipe, crack arrestors and flash
butt welding of girth welds are
outlined.
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Abstract logy to manufacture high strength low alloy
steels. The high quality linepipe steels are

During the last few years, a large scale conducted. During the last few years, API X52
of efforts has been made on the development grade steel was sucessfully manufactured in
of line pipe steels at China Steel Corpora- mass production, and the properties requirements
tion. The development has been conducting of API X60, X70 were also fully achieved in
through a series of works including laboratory pilot production.
research, on line trial and mass production.

In this paper, the laboratory studies of
At the stage of laboratory research, the API X65 and X70 grade steels will firstly be

effects of rolling schedules and chemical described. The effects of chemical compositions
composition on the properties of steels are and process parameters in the controlled rolling
evaluated. According to the results, the process on the mechanical properties will be
chemical composition and rolling process are discussed. Secondly, the progress in the pilot
designed for API X65 and X70 steels. Tryout production of API X60, X65 and X70 steels will
experiments were conducted both in pilot mill be briefly described. Finally, the results of
and production line with satisfied results. mass production of API X52 steels in production

line will be demonstrated.
The mass production of line pipe steels

in the plate mill of China Steel Corporation
has also been conducted. More than eighty Procedures
thousand tons of API X52 has been manufactured
during the last 2 years for a 30" diameter The experimental material was melted in a
400 km long gas transmission pipe in Taiwan. vacuum induction furnace and casted in steel mold

with dimensions of 300mm in width and 210mm in
thickness. Each cast was 250 Kg in weight. The

Introduction chemical composition of steels is listed in
Table 1. The experimental steels can be devided

The pipes are the most economical means into six groups, i.e., Mn and V series, to be
of the transpotation of natural gases and oils. used for the evaluation of the effects of Mn and
The drive for a high transport efficiency has V respectively; FRT and Re series, to be used
brought about a steady increase in the opera- for the study of the effects of Finish Rolling
tion pressure of the transmission pipelines. Temperature and Reduction at low temperaturer
oTeet such a requirement, a great progress region respectively; L and F series, to be used
I has been made on the development of for Laboratory and Field tryout rolling which is
linepipe steels with high strength, high tough- designed for API X65 and X70 and tested in
ness and good weldability. Practjc~l applica- laboratory and production line respectively.
tions of the controlled rolling ', ) and
benefici al tilization of microalloying All of the steels except the F series were
elements 4- 6j such as niobium, vanadium and rolled in the laboratory rolling mill. Before
titalium have provided the groundwork for rolling, the steels were heated at 1175 C for 2
this progress. As a new fellow in steel in- hours. During rolling, the temperatu.*e was
dustry, China Steel Corporation has also made measured using pyrometer. In the case of low
great efforts on the development of therrome- finish rolling temperature lower than 7700 C an
chanical treatment and microalloying techno- thermal couple was embeded at the midthickness
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of slab to measure the temperature. For the upper shelf energy can be increased.
field tryout experiments, a commercial CC slab
was selected and rectangular holes were sec- The effects of V content on the mecha-
tioned. Two ingots from the laboratory were nical properties are shown in Figure 4.
then embedded and welded on these holes and Because of the precipitation hardening
the slab was reheated and rolled in the plate effect of Vanadium carbides, the strength of
mill. After rolling the laboratory material steel is increased with the increasing V
was cut out to evaluate the mechanical proper- content. In the V series steels, a small
ties. The rolling schedule for all of the amount of Ti was added such that the vanadium
steels is listed in Table 2. precipitate is primarily to be VC which gives

sma llT strengthening effects than that of
For tensile and impact tests, the speci- VN( '

,
'. Although the precipitation hardening

mens were sectioned from both of the trans- is detrimental to the toughness of steel(lO),
verse and longitudinal directions of plate. the results showed smaller or neqligible effects
The tensile specimens were in full thickness, of V content on the toughness.
25mm wide in reduced area and 50mm in gauge
length. For impact test, standard 10 x 10 x The effects of Finish Rolling Temperature
55mm Charpy V-notch specimens were machined. (FRT) on the grain size and mechanical proper-
The impact energy and shear fracture area ties are shown in Figure 5. A discontinuous
ratio were measured. point of mechanical properties can be found

around 7700C which is very close to the calcu-
lated Ar3 temperature(ll) and therefore this

Results and Discussion temperature can be considered to be the Ar3
temperature of the steel used. The lower the

The microstructure of Mn series steels is FRT, the smaller the grain size was found. At
shown in Figure 1. From the microstructure it FRT higher than the Ar3 temperature the yield
can be seen that as the Mn content is strength is inversely propotional to the FRT
increased the grain size of ferrite is de- due to the grain refinement effect. But the
creased and the morphology of second phase is tensile strength follows the opposite trend to
being modified from pearlite to degenerate the yield strength. According to the quantita-
pearlite. In steel Mn3, see in Figure 1, sore tive metallography it is possible to estimate
Bainite/Martensite islands can also be found, the strength contribution from precipitation

hardening. The calculated results according to
Figure 2 shows the effect of Mn content

on the mechanical pronerties of steels. It (12)
can be seen that the strength increases with Eppt=YS(o+ss+kd)
the increasing of Mn content. This can po- 2, + 4(Si
ssibly result from a combined effect of solid Go6.5kg/mm , ss3.25 (Mn%)+8.4(Si%)
solution hardening, grain refinement and k=l.81kg/mm -3/2

second phase hardening as the amount of Mn is
increased. When the Mn content is high, e.g. are listed in Table 3. As shown in this table
Mn3 with 1.66 Mn, the Liders strain is being at temperature above Ar3 the precipitation
eliminated and thus results in an apparent hardening effect decreases with the jicreasing
drop of yield strength. In this steel. the FRT. The microhardness of ferrite matrix is
formation of bainite and martensite islands listed in Table 3. These results reveal that
introduces free dislocations in the neighbor- at lower FRT, the ferrite strength is lower.
hood which may result in a continuous yielding From these results it can be seen that lowering
behavior and thus a lower yield strength. As the FRT, the effects of precipitation hardening
shown in Figure 2, when the steel Mn3 was are reduced and thus the tensile strength of
heated at 5500 C for one hour, the Luders steel is decreased.
strain is recovered and the yield st.-ength is
increased. Because of the grain refinement and less

precipitation hardening effect with lower FRT,
Increasing the Mn content has resulted -n see in Figure 5. the total elongation and 50%

the grain refinement and thus better impact FATT are improved as the FRT is lowered.
toughness. However, when the Mn content is However, when FRT is lower than Ar3 temperature,
too high such as that of steel Mn3, the upper both of the tensile and yield strengths are
shelf energy is decreased seriously. It was increased significantly without a srious change
also found that the amount of separation on in impact toughness. Accompanied with the
the fracture surface of steel Mn3 was much increase in strength of steel, the ductility is
more than that of steels Mnl and Mn2. Tis decreased.
resulted in a reduced upper shelf energy(

7)
of Mn3 steel. As shown in Figure 3, when The effects of total reduction at low tem-
steel Mn3 was heated at 6500C for one hour perature austenite phase region on the ferrite
then rapidly cooled, the separation on frac- grain size and mechanical properties can be
ture surface can greatly be eliminated and the realized from Figure 6. It can be seen that the
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greater the amount of reduction, the finer the strength but poorer toughness than that of
grain size of ferrite. This grain refinement laboratory products. For example, the composi-
effect becomes less pronounced for reduction tion of steel Fl is close to that of steel 13.
above 70%. Higher amount of reduction at the The difference in yield and tensile strengths
low temperature austenite phase region enhances are within 1kg/mm2 between these two steels.
the strain induced precipitation in austenite The 50% FATT of steel Fl is -40°C which is about
phase(13) such that the available amount of Nb 400 C high than that of steel 13. The poorer
and V becomes smaller to precipitate in ferrite toughness of steel Fl is possibly due to a high
phase, therefore, the tensile strenqth is de- slab reheating temperature which results in
creased. Figure 6 also shows that the yield both of the coarse and mixed grains in the steel
strength increases with the increasing reduc- plates. The composition of steel F2 is similar
tion initially due to the grain refinement to that of steel Fl except that carbon content
effect. But in the case of reduction above is 0.047% higher. The test results revealed
70% the qrain refinement diminishes and, that carbon increases the strength and impairs
consequently, the less precipitation hardening the toughness significantly.
effect causes the decrease in yield strength.
From this figure, the beneficial effects of The final stage of work on the development
higher reduction in the low temnerature of linepipe steels was completed by rolling
austenite region to the total elongation and commercial API slabs on the production line.
FATT can also be visualized. Some of the results are listed in Table 6. The

process conditions of steels A and B are about
the same except that steel A was reheated at

Based on the above results, the chemical 1250 0C and steel B, at 11000 C. It can be seen
composition and the rolling process for APIx6O, that at low reheating temperature practice of
x65 and x70 were designed. The confirmation steel B improves the toughness significantly
test was first conducted in a laboratory rolling without loosing the strength.
mill. The results are listed in Table 4. The
tensile properties of steels 13 and 18 with The plate mill at CSC has already rolled
thickness 13 and 18am can all satisfy the API API x52 linepipe steel over 80,000 tons during
x60 specifications. The 50% FATT of Charpy the last 2 years. Although the requirements
V-notch imoact test for these specimens is lower on mechanical oroperties for API x52 are much
than -800C and the upper shelf energy is around lower than that for API x70, however, the re-
20kg-M in longitudinal direction. The composi- quirements on the surface and internal quality,
tion of steel 13 is similar to that of steel 13 flatness and dimensional tolerance are strict.
but without Ti-addition. Because the free N At the beginning many plates were rejected
content available for the VN formation in ferrite because of the internal defects. Great efforts
phase after rolling to achieve the precipitation have been performed in the sceel making. refin-
hardening effect is higher for the Ti-free steel. ing and continuous casting process to improve
It can be found that the tensile strength of the internal quality of slabs. Finally, the
steel 13B is higher than that of steel 13 and can total production yield of this steel was over
meet the API x70 specifications. The toughness 90%. From this experience CSC gains great
of steel 13C is poorer than that of steel 13 some confidence to meet more strict challenge on the
extent. The composition of steel 13C is also production of high grade linepipe steels.
similar to that of steel 13, however, the total
amount of reduction in two-phase region was
about 35, 8nd the finish rolling temperature is Conclusions
around 700 C which is lower than that of steel
13, 700C. The tensile properties show chat two- The development of high grade line pipe
phase rolling results in an increase in strength steels at CSC ic progressing step by step. The
which achieves the requirements for API x70. The basic effects of composition and rolling process
Charpy test results show that after rolling in on the properties have been eytensively studied
two phase region the absorbed energy of steel in the laboratory. The composition and rolling
decreases, the amount of separation on the process for API x60, x65 and x70 are designed.
frature surface increases and the FATT is not The confirmation tests are conducted both in
greatly influenced. laboratory and production line. The results

are encouraging and the success in mass produc-
The enlargement of the results from the tion of API x52 has come to the experience of

laboratory scale to the mars production is manufacturing x60, x65 even x70 line pipe steels.
accomplished first by evaluating the mechani-
cal properties of steels after on-line rolling.
For this purpose, two experimental test ingots Reference
were embedded and welded on the rectangular holes
of a commercial CC slab and then rolled on the 1. M. A. Civallero, C. Parrini and N. Pizziment,
production line. The results are listed in Microalloying 75, union carbide corporation,
Table 5. It was found that steel plates thus New York,451-469 (1977).
rolled on the production line possess similar 2. A. P. Coldren and J. L. Mihelich. Molyhdenur
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Co. 14-28 (1981). 8. R. K. Amin, M. Korchynsky and F. B.
3. T. Tanaka, Inter. Met. Rev. 4, 185-212 Pickering, Metals Technol. 8, 250-262

(1981). (1981).
4. A. M. Sage, Metals Technol. 8, 94-102 9. N. K. Balliger and R. W. K. Hone combe,

(1981). Metall. Trans. 11A, 421-429 (180).
5. R. Roussev, Trans. ISIJ. 13, 105-110 10. K. J. Irvine, F. B. Pickering a,,d T. Gladman,

(1973). JISI. 205, 161-182 (1967).
6. D. P. Dunne, T. Chandra and S. Misra, HSLA 11. C. Ouchi, T. Sampei and I Kozasu, Tans. ISIJ.

Steels Metallurgy and Applications, AMS, 22, 214-222 (1982).
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Table 1. The chemical composicions of experimental steels.

Steel C Si Mn P S Nb V Ti Al Cu Ni Nppm
Mnl .075 .29 1.18 .011 .007 .037 .070 .014 .022 .16 .07 28
Mn2 .078 .30 1.39 .015 .005 .034 .074 .017 .026 .16 .08 25
Mn3 .083 .28 1.66 .009 .004 .034 .080 .015 .026 .24 .20 28
Vi .100 .24 1.42 .012 .005 .043 .036 .017 .030 .18 .18 52
V2 .078 .30 1.39 .015 .005 .034 .074 .017 .015 .16 .08 52
V3 .084 .24 1.40 .010 .012 .042 .108 .019 .027 .19 .18 65
V4 .097 .25 1.39 .012 .005 .042 .130 .014 .027 .18 .19 60
FRT .080 .30 1.23 .014 .007 .030 .075 .007 .030 .15 .15 33
Re .081 .22 1.24 .010 .011 .033 .091 .020 .017 .20 .20 52
13 .095 .24 1.45 .007 .007 .045 .095 .012 .020 .22 .19 56
18 .100 .28 1.49 .008 .007 .047 .096 .013 .021 .21 .20 56
13B .101 .30 1 .45 .011 .009 .040 .093 --- .025 .18 .18 54
13C .107 .29 1.40 .009 .008 .037 .090 .018 .030 .18 .16 47
F1 .083 .24 1.44 .010 .009 .048 .097 .013 .027 .19 .16 50
F2 .130 .24 1.45 .011 .009 .047 .098 .024 .031 .19 .16 66

Table 2. The rolling parameters of experimental steels

Steel RHT initial holding finish FRT
C t (mm) t (mm) t (mm) C

MnX 1175 210 40 12 800
VX 1175 210 40 12 800
FRT1 1175 50 27 12 908
FR:T2 1175 50 27 12 870
FRT3 1175 50 27 12 843
FRT4 1175 50 27 12 810
FRT5 1175 50 27 12 770
FRT6 1175 50 27 12 760
Rel 1175 150 27 12 775
Re2 1175 150 33 12 774
Re3 1175 150 40 12 785
Re4 1175 150 50 12 790
13 1175 210 40 13 770
18 1175 210 55 18 775
13B 1175 210 40 13 810
13C 1175 210 40 13 700
FX 1250 210 40 13 770

82



Table 3. The contribution of precipitation hardening on the yield
strength and the microhardness of ferrite matrix (lOP).

Steel YS o Kd- s2  
appt Hv

FRT1 42.9 6.5 16.1 8.2 12.1 219
FRT2 43.3 6.5 17.5 8.2 11.1 205
FRT3 43.5 6.5 19.2 8.2 9.6 195
FRT4 44.5 6.5 20.6 8.2 9.2 190
FRT5 46.5 6.5 21.0 8.2 10.8 ---
FRT6 49.0 6.5 21.7 8.2 12.6

Table 4. The mechanical properties of tryout product in laboratory.

Steel YS TS YS/TS EL Impact Absorbed Energy (Kg-M) FATT
kg/mm2 kg/mm 2  1% -200C -400C -600C -800C oC13 51.1 57.6 .89 40.4 24.0 21.0 2l.? 15.9 <-80

18 51.7 58.3 .89 43.3 19.4 17.3 14.6 11.9 <-80
13B 55.9 63.2 .88 40.3 15.1 12.5 11.5 7.9 -75
13C 55.0 63.6 .86 38.6 13.3 10.8 9.6 8.6 <-80

Table 5. The mechanical properties of experimental steels Fl and F2
rolled in the production line.

Steel YS TS YS/TS EL Impact Absorbed Energy (KQ-M) FAT'
kg/mm2 kg/mrr2 -20C -400C -60oC -80oC oC

Fl 50.3 58.4 .86 39.5 15.4 11.8 2.4 1.2 -40
F2 52.3 63.5 .82 34.3 9.6 4.5 2.4 1.1 -30

Table 6. The composition, rolling process and mechanical properties of
steels manufactured in the production line.

Steel CEQ Nb V RHT Hodling Finish FRT YS TS EL Charpy DWTT0 C  t (mm) t (mm) C Kg/mm 2 Kg/mm2  50?FATT 50".FATT
A .37 .04 .08 1250 48 16 770 47.6 58.4 46.2 -35 -10
B .37 .04 .08 1100 48 16 770 46.6 57.1 47.6 -80 -50
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INDUSTRIAL DATA ON THE FIRST
API X80 LINE PIPE PRODUCED

IN LATIN AMERICA

V. Lazzari, S. Machado, C. Silva, 0. Neto, J. Moreira
COSIPA Works

Sao Paulo, Brasil

ABSTRACT IT IS WELL-KNOWN that there has been,

since the last decade, a strong trend

in the pipe steel consumina in the

The world-wide trend in HSLA line direction of steels with higher strength

pipe steels is to increase the steel and superior toughness and weldability

strength and toughness requirements characteristics. For Grade X80 these

ailied to thickness reduction of pipe requirements would be difficult to

wall, for the same outside diameter, obtain with a ferrite-per]ite stee1.

In addition typical loss in yield

Grade X80 requirements can be met strength after pipe production would

with several chemical compositinns and make mandactory the use of an alloy

production processes. Thc objective of desian that in order to guarantee X80

this development was to test Nb-V-Cr-Ni strength level in the pipe product

and Nb-M1o-Ti steels in controlled could seriously affect touqhness and

rolled plates, 9.53 mm thicknes for weldability properties ao well js croate

22" OD pipes. production problems in the pipe plant.

The alloy design aimed at Ceq<--0,44% In order to improve the above-

and 50% FATT under -60°C throuah a mentioned steel characteristics, it was

poligonal ferrite microstructure used low C ( -! 0,10%) and specific

containina martensite - austenite (MA) microalloyings combined with controlled

islands as the dispersed phase. rollino to aet a microstucture

consistina essentially of polioonal

This article describes the experiment ferrite plus martensite-austenite (0A)

results obtained under industrial scale constituent islands that promote a

for production of X80 UOE pipes. continuous stress-strain curve.neref Dre,

the pipe production in the U-O-Eproess

would be facilitaded (low yield
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strength increase after pipe manufactu RESULTS AND DISCUSSION

ring process).

Average tensile and toughness

INDUSTRIAL PRODUCTION OF PLATES X80 properties for plates produced from

two heats are shown in Table II.

The steelmaking procedures used for Based on a work by Glodowski and

API X80 were the same as those for Thompson (1) it could be anticipated

Grade X70 with high toughness, that from the 2% yield strength results of

is, the utilization of RIC process the plates produced that X80 strength

(Refining by Calcium Injection) developed level could be achieved after pi>

by COMPANHIA SIDERORGICA PAULISTA-COSIPA production.

which acts in the quantity and

morphology inclusions, combinincr low Pipe production followed its normal

level of sulfur and oxygen. process with 1% cold expansion. The API

specimens were taken from the same

Table I shows the chemical compositions equivalent position as those from the

obtained where the requirements plate product.

C !0,10% and Ceq 2 0,44% are met.

Table III shows the results obtained

The controlled rollinq schedule used in pipes with the Nb-V-Cr-Ni steel

for the plates is shown below: showing strength levels higher than the

- Reheating temperature = 1100 0 C Nb-Mo-Ti steel. The good relationship

- Total thickness reduction = 95% between YS2 % plate x YS0,5% pipe was

- Total finishing reduction in the confirmed in this experience,Ficrure 1.

non-recr'stallization regiun =  67%

- Finish rolling temperature = 7400C In Figure 2 it can be observed that

in spite of Nb-V-Cr-Ni steel havinn

It was used low reheating temperature presented higher strength, the Nb-Mo-
Ti steel exhibited higher mechanical

to avoid intensive grain growth and Ti seel exhit piermmechi

also mixed grains in the final product.

Strong reduction aimed at the first fact is due to the different stress

stage of controlled rollinq improved a strain curve. The Nb-Mo-Ti showed a

grain refining through recrystallization. continuous curve and the Nb-V-Cr-Ni

The second stage was carryed out above steel presented a small sharp knee

and below the austenite-ferrite stress-strain curve. Therefore, the

transformation temperature to obtain Nb-Mo-Ti alloy design is prefered by

higher strength and a lower ductile-to the pipe manufacturer as its higher

brittle transition temperature. work hardening allows X80 pipe production

from plate product with lower yield

strength, facilitatinq pipe forminoT.
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TABLE I

CMICAL CMK)C5ITION OF STEEL

Steel C 1 Si 2 * Al Nb V Cr Ni Pb Ti N
1 .09 1.56 .37 .014 .003 .022 .044 .066 .20 .22 - - 0.007 .42
2 .08 1.53 .21 .017 .005 .026 .026 - - - .34 .016 0.004 .40
* Ii formula

** Sulfide shape ontrol

TABLE II TABLE III

DECHANICAL PRDPERTIES FOR PLATES MECHANICAL PROPERTFIES FOR PIPES

STEEL Y.S. T.S. EL LWIT C(-20°C) STEEL Y.S. T.S. EL [DVIT CVN(-20°C)
(MTa) (Q[a) M% (-200C) (J/Cln2 )  (N7a) (rla) (9.) (-20C) (J/c-n ) -

1 565 703 28 100% 102 1 590 721 26 100% 87
2 488 663 31 100% 174 2 564 694 30 100% 123

In fact, both plate and pipe production

650- occurred without overload in the0STEEL I

6 0 STEEL 2 0 equipment.
630-

610- Imoact results in transverse specimens

590 are shown in the transition curves,

o Fiaure 3 and 4, for plate and pipe
570- * 0

0 0 from both steels. It is observed that
0 5 Nb-Mo-Ti steel shows superior touchness

530- property than Nb-Cr-V-Ni steel both in

5 - plates and pipes. It can be noted that

510 530 550 570 59O 610 630 650 the transition temperature is very low,

Ys0.5°lp pe iMPa) probably under -100 0 C. These results

FIG.- RELATIONSHIP BETWEEN are similar to those presented by other

Y5 2 04 plate xY3 0,5 0/. pipe authors (2,4,14) as regards absorved

energy and transition temperature, and
S120- 0 STEEL I for the carbon 'evels under consideratior.

0 STEEL 2
fO0-

0

4 80-
i 000 P11CROSTRUCTURES

0 0a
60- 0

Ci) 40- 0 The microstructural analysis was done

20- by optical and transmission (TEn)

0 microscope.

20- Nb-V-Cr-Ni STEEL - The observed

450 470 490 510 530 550 570 590 microstructure shows presence of

Y15 1o .plte (MPC elongated ferrite grains with MA

FIG 2-RELATIONSHIP BETWEEN islands distributed at random as it can

,6t YSpipiYSplatelXY-Splote be seen in Figure 5 (MA black regions).
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The average ferrite grain size was The identification analysis of these

5.79 } m and the MA volumetric fraction precipitates showed the presence of
13.4%. It was noted dislocation NbC, NbN, VC and VN, of which NbC and

arrangerets inside the ferrite grains VC were the finest ones. Also chromium

(see Figure 6 ),interacting with existing carbides and aluminates were identified

precipitates, which are especially These sizes of main precipitates are

fine, Figure 7. as follow:

Precipitate Size Range of
the Precipitates

0 0 NbC, VC 10 - 40 nm
110 -- A2 Plpe -0NbN, VN 2 0n

-0 (Cr, C) 200 - 400 nm

Q 90- -60 i An optical photomicrograph is shown

S in Figure 8.80- -70

70- -80 Nb-Mo-Ti STEEL - The observed

0) microstructure was identical to the one
U 60- / .90 QJ
W 0 obtained in the Nb-V-Cr-Ni steel, see

50 . 100 Figure 9 and 10. The average ferrite
* grain size was 6.35 }km and the m4A

-0 -40 -20 0 20 ICI volumetric fraction 16.7%.

FIG:3 - TRANSITION CURVES - TRANSVERSE
SPECIMENS (STEEL 11 It was also observed the presence of

NbTi and TiN (cubic precipitates)

besides NbN, NbC, AlN and Mo2 C.

- o Plate This carbide distribution can be seen

200- -.-- AP/pe -40 by TEM replica in the light field of

190- Figure 11. The precipitate sizes
180 50 observed are as follows.

160- -7,o

150 70 Precipitate Size Range of
Xthe Precipitates

140|80 TiN 200 - 500 nm

120- -- LU NbTi 25 - 200 nm

t o 90 IQ Nb (C,N) 50 nm

H 000 M2 C 150 - 500 nm

* 90-

I I I I I
-60 -40 -20 0 20 (°C)

FIG:; 4- TRANSITION CURVES. - TRANS..VERSE
SPE i :CIMENS (,STEEL 2)/

90
... .......... . .- 0 -4 -20~~mmr 0 20 m aa I •in-



Fig. 5: Microstructure showing elongated Fig. 6: Dislocation arrangements inside the
ferrite grains and MA islands in the ferrite grains (15000 x)
black regions (4000 x)

Fig. 7: Transmission electron micrograph, Fig. 8: Opti - l micrograoh showing
light field replica with fine precipi microstructure of Nb-V-Cr-Ni steel

tates(1000 x)(775x)

if

+

Fig. 9: Microstructure showiing elonclated Fig. 10: Dislocation arrangemrents ILnside the
ferrite grains and MA islands in the ferrite grains (15000 x)
black regions (4000 x)

Fig. 11: Transmission electron micrograph, Fig. 12: Optical micrograph showing
light field replica with fine microstructure of Nb-Nt-Ti steel
precipitates (10000 x) (775 x)



Figure 12 shows the optical photo Hardness Profile Across Welded Joint -

micrograph of the obtained structure The variation in hardness across welded

in Nb-Mo-Ti steel. As it can be observed samples of Nb-V-Cr-Ni and Nb-Mo-Ti are

the ferrite grain and precipitate sizes shown in Figure 13. It can be observed

in the Nb-V-Cr-Ni steel were smaller that both steels have HAZ hardness

than those in the Nb-Mo-Ti steel,which similar to that of parent metal.

were processed under the same

conditions. Impact Properties - The weldment

toughness is shown in Figures 14 and 15

as a function of test temperature for
WELDING RESULTS notches at the weld metal, fusion line

and 1,3,5 mm far from the fusion line.

Independently of notch location in the

Welding -The investigations was made welded joint, Nb-Mo-Ti steel presented!

on a pilot scale and the seam welds better results than Nb-V-Cr-Ni steel,

were made with a single pass on each as was with plate properties.

side by two wires SAW process. Groove

preparation and seam welding conditions

are shown in Table IV. Hardness - To examine the HAZ

hardenability, the maxirain hardness test

The flux/wire combination used was was made in acrordancc .;ith JIS 23101.

according to AWS A 5.17 F72 EM 12 K The SMAW process was used for this

classification. Therefore, as the present purpose. Typical results indicated

results were the first ones in Brazil to that the Nb-V-Cr-Ni and Nb-Mo-Ti had a

develop X80 steel grade adequate welding maximum of 245 and 207 HV10 respecuely.

consumables for this grade are not

easily available yet. Thus, in this

section comments are not made about

weld metal properties.

The tensile results were identical

to the plate and the fracture location

was in the base metal.

TABLE IV

WELDING PROCEDURES - SAW

LEAD TRAIL WELDING HEAT GROOVE

- SPEED INPUT PREPARATION
(A) (V) (A) (V) (cm/min) (kj/cm) 90.

BACKING 550 34 500 36 150 15

FINAL 600 34 550 36 150 16
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FRACTURE CONTROL IN NATURAL
GAS AND CO 2 PIPELINES

A. B. Rothwell
NOVA Corporation of Alberta

Calgary, Alberta, Canada

ABSTRACT models will give a reliable estimate of "arrest

toughness", and mill specifications can be
Traditionally, fracture control plans for framed to give the required performance.

pipelines transporting compressible fluids have Higher operating pressures and hoop stresses

centred around the establishment of the not only reveal inadequacies in the existing
necessary toughness properties for the pipeline models, but call into question traditional ways

materials. It is becoming increasingly of measuring fracture propagation resistance.

apparent that the approach to fracture control Carbon dioxide and natural gas containing large

for major, long-distance transmission systems fractions of higher hydrocarbons present

must be much iore integrated in nature, particular difficulties and, at present, the

encompassing not only materials desion and use of crack-arrestors often represents the

specification, but also the construction and most suitable approach to fracture limitation

operational phases. The most importdnt feature for systems involving these fluids.

of effective design against fracture remains

the prevention of the initiation of ruptures,

but this can only be accomplished with a full
apprpriation of the prevalent causes of THE EVOLUTION OF THE gas transmission

failure. These include mechanical damage, industry's for'mal dpproach to fracture control

during both installation and operation, co.i be traced back some thirty years, to thc

corrosion, and displacement-controlled occurrence of several long, brittle failures.

longitudinal strains which may be difficult or The longest of these occurred in 1960 during

impossible to design against. As a result, the gas testing of an NPS 30 (762 mm 00) pipeline,
prevention of rupturL also involves, the design and extended some 13 km (8 miles).

and quality assurance of cathodic protection Iniustry-spo.iscrcd recar:h in r-p~onse to this

and coating systems, construction surveillance problem resulted in the development of the

and operating practices. In addition, Battelle drop-weight tcar test, and to its
in-service monitoring may form an integral part virtually universal u ,e as a means of

of an overall fracture control plan, specifying line pipe which will not support

particularly in regions of unstable or brittle frLcture under the pipeline operating

unpredictable terrain. conditions. Beginning in the late sixties,

Recognizing that total prevention of several relatively long ductile failures also

rupture over the lifetime of a pipeline may not occurred, and a number of research programs

be achievable, a great deal of research has were initiated which were aimed at identifying

beer, carried out, and is still continuing, on material requirements for the arrest of ductile

the material properties required to arrest a fracture. Research in this area is still

running fracture. For methane pipelines of continuing, but the early outcome was the

modest diameter operating under conventional concept of an "arrest toughness", specified

service conditions, any of a number of existing initially in terms of Charpy impact energy,
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which could be used to rcduce the probability At the ;ame time as these developments
of long ductile fractures to an acceptable have been occurring, increased operating
level. At the same time, it was widely experience with conventional pipelines designed
realized that the key element of fracture with a rational fracture control plan has
control lay in the prevention of initiation, indicated the importance of detailed
Again, models were developed which allowed a consideration of the causes of failure. In
desired tolerance to defects to be achieved by such pipelines, service failures initiating
the specification of a minimum levwl of Charpy from material deficiencies have been extremely
energy. Thus, by the seventies, the concept of rare, as have been propagating fractures.
a comprehensive fracture control plan had been Mechanical damage, whether caused during
established I. Typically, it was based on: construction or in service, corrosion and, in
(a) The specification of a high minimum shear some areas, stress corrosior have been the most
area in the DWTT, to ensure freedom from important factors, wiLh ground movement, eithe,
brittle fracture propagation; (b) The due to subsidence or slope stability problems,
specification of a minimum Charpy energy at the presenting a special hazard because of the
design temperature corresponding to a critical difficult) of designing a priori against it.
thruugh-wall defect size for failure initiation The focus of the industry's concerns for
which was some high fraction of the maximum operating integrity has thus shifted somewhat,
attainable (typically 80 - 901'); (c) The towards factors more directly related to these
consideration of anticipated Chdrpy toughness causes of failure.
distributions in relation to the arrest The remainder of the present paper will
toughness to ensure that, on a statistical concentrate on the facto, _ontrollin, the
basis, ductile fracture lengths could be initiation of rupture in the context of the
limited to a desired maximum. In some cases, principal causes of failure which have just
this would lead to the specification of an been indicated, and on the measures available
all-heat average Charpy requirement, to a tor the control of fracture length. Brief
higher minimum requirement, overriding the attention will also be given to the analysis of
value specified for initiation resistance, or risk and economics.
to some other means of ensuring the presence of
the desired proportion of "arrest" pipe in the FRACTURE INITIATION
pipeline as constructed.

This approach is still appropriate for THROUGH-WALL FLAWS - In design against
many conventional pipelines. In recent years, fracture initiation, a key consideration is
however, considerable changes have taken place whether a defect which penetrates the pipe
in an attempt to optimize the economics of wall, by whatever mechanism, will initiate
major, long-distance transmission systems. In rupture or merely leak; under most
particular, some of the changing design aspects circumstances the latter will have much less
which impact fracture control include larger serious consequences. Through-wall flaws
diameters, new, higher-strengLh materials, initiate rupture under conditions which are
thicker wallis, higher pressures and lower generally described with good accuracy ty an
temperatures, together with the transmission of equation developed for the American Gas
gases ontaining substantial proportions of Association by Battelle Columbus Laboratories
nigher iydrvczu-tons. Long-distince pipeline '- the early seventies 2. The flaw length
transportation of carbon dioxide in the sustainable, at any given stress, increa ,t
supercritical state for enhanced oil recovery with increasing Charpy energy, but is
projects has also become commonplace. The ultimately limited by the flow stress and
effect of these factors has not only been a geometry of the pipe. As the
great escalation in the toughness levels flow-stress-limited defect length is
required, but also to call into question the approached, very large increases in Charpy
existing predictive models for fracture arrest energy produce insignificant gains in defect
and even the way in which fracture resistance tolerance, so that many pipeline operators have
is determined. As a result, since the late chosen as a baseline toughness requirement a
seventies, use has also been made of Charpy energy corresponding to a critical
crack-arrestors to ensure the limitation of defect length 8G or 90% of the maximum value.
fracture length; considerable advances have In this way, most of the benefit of improved
been made in their design in recent years. toughness, relative to initiation from

through-wall flaws, can be secjred, while
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Charpy requirements are limited to readily (1080 psig) to 230 mm (9.06 in) for NPS 56,
attainable and physically meaningful levels. Grade 483 (X70) pipe operating at 14 893 kPa

Figure I shows the resu l .,, of applying (2160 psig).
this philosophy to a numb'r f hypothetical MECHANICAL DAMAGE - It has been recognized
design cases involving n- ssures ranging from for many years that the most prevalent cause of

the currently conven iunal range for natural reportable service failures in North America is
gas transmission service (7 000 - 10 00UO kPa that rlassified as "outside force" (53.5 of

L1000 - 1435 psigj) up to 14 893 kPa all service failures between 1970 and 1984) 3.
(2160 psig), which probably represents the Within that category, mechanical damage
curre 1 upper limit fur suitable ,alves and accounts for three-quarters of the incidents,

fittiigs. It is clear that increasing design and thus represents by far the most impurtant
pressure, diameter and strength level lead to single cause of failure.

significant increases in the required Charpy A considerable amount of research has been
energy. To place these requirements in carried out aimed at assessing the effects of
context, currently-specified minimum Charpy mechanical damage on failure conditions.
values for large-diameter pipe typically range Fairly recently, work has been completed which
from 40 - 68 J (30 - 5U ft lbt). Nevertheless, allows the failure stress to be related to
considering worldwide pipe-mill capabilities, material toughness and to the geometry of

even the highest requirements appear to be mechanical damage consisting of a gouge ii a
reaily obtainable, although probably at some dent4 . Note that ungouged dents are of little
incremental cost. The actual critical flaw significance for the initiation of rupture,

lengths associated with these toughness levels while plain gouges can be deolt with using a
range from 95 mm (3.75 in) for NPS 36, surface flaw equation analoguus to that

Graae 550 (X80' pipe operating at 7 446 kPa discussed abuve for through-wdll flows. The
tailure curve is shown in Figure 2, and allows

NPS 56

100 .

10,

so0 
00

W NPS 48
z

.- ' NP'S 36

08

o 80

NPS 36

04

Gr 483 0 2 -Flow Stress
40 G,...O 550

Operating Stress 80
" 

SMYS

I I I I I

8000 10000 12000 14000 16000 050 tO0 150

DESIGN PRESSURE. kPa O CVN/(D/2R) (2C) (dft) JImm

Fig. I Required tharpy Energy to Give Critical Fig. 2 Failure Stress From Dent and Gouge
Through-wall Defect Length Equal to Defects as a Function of Q' Paran,eter
90 Of Maximum. (After Maxey)
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a critical value of the parameter Q, derived
from the material toughness and damage
geometry, to be determined for a given ratio of
service stress to flow stress. In order to NPS 56

relate critical gouge length to required Charpy 140

energy, however, it is clearly necessary to
make some assumptions concerning the depth of
both gouge and dent. Maxey has suggested that
a gouge depth 10% of the pipe wall and a dent NPS 48

depth 5 , of the pipe diameter are appropriate 120

limiting values 5 . With these assumptions, it
is possible to calculate the critical gouge

length which will cause failure at the maximum
operating pressure, when the Charpy energy is

that determined by the 90% maximum through-wall 100

flaw criterion previ-usly described. When the NPS 36

same design cases used to develop Figure 1 were
(lIlyzed in this way, it wds found that
ritical gouge lengths were some 25 - 40% lower 80

than the critical through-wall flaw length in
the absence of damage. The resulting critical
flaw sizes, in some cases, could be considered Gr483

insutficient, particularly for the smaller pipe .......G, SS0.,'""'"'"Operating Stress 80Wr SMYS

sies which re intrinsically more susceptible ..
tu oamage. On the basis of Figure 2, it is
also possible to determine the Chdrpy energy I m I I I I I

corresponding to d critical gouge length equal 8000 10000 12000 14000 16000

to the critical through-wall defect length in DESIGN PRESSURE. kPa

undamaged pipe. As Figure 3 shows, significant
increases would be required. Fio. 3 Required Charpy Energy For Failure From

Clearly, this riterion for gouge length 5z,: Dent, i0L Gouge at Same Defect Length
is an arbitrary one, and a consideration of as Critical Through-wall Defect Length,
actual flaw sizes, dnd -f the susceptibility of Fig. 1.
some uf the larygr and thicker pipe sizes to
oamage, may suggest that there is little illustrates the results of a full-scale test or
justification for the adoption as a an NPS 22 pipe containing an axial,
spucification minimum of some of the more through-wall flaw, initially 63.5 mm (2.5 in)
extreme toughness values appearing in Figure 3. long. The test procedure was to raise the
In practice, it is preferable to consider the pressure by a small increment and monitor the
effect of toughness on damage tolerance on a crack extension. The pressure was held
case-by-case basis so that the benefits of constant until no further :rack extension
ircredSing the specified minimum Charpy energy occurred, and then a furthe," pressure increment
can be assessed in relation to any incremental was applied. Crack extension began at a
costs, pressure well below that corresponding to the

TINE-UEPLNDENT FAILURE - The fracture SMYS of the pipe material, and the final
criteria so far referred to aescribe the failure pressure was significantly lower than
conditions of failure when the pressure on a would have been predicted using the
pipe containing a defect is continuously time-independent methodology referred to
increased until failure occurs, or when earlier for through-wall flaw-. The model
critical daidmage is inflicted on a pressurized under development for flaw behaviour unoer
pipe. In reality, some important mechanisms of sustained loading successfully predicted the
failure involve the slow growth of a defect pressure both at the onset of stable crack
under sustained loading. In some instances, growth and -t failure. Continuing work is
fluctuating loads may also be significant. aimed at extending the model to axial surface
Work in progress on failure under such flaws, a configuration of more practical
conditions aims at modelling flaw growth and significance for pipeline operations, and to
developing revised failure criteria 6 . Figure 4 higher-strength steels more suitable for high
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pressure systems; when completed, this work restricted extent of any associated strain
should provide a better vehicle for assessing hardening. The highest hardnesses measured
the integrity of a pipeline known to contain have been around 315 HV, in very localized
detects, as well as allowing hydrostatic retest regions immediately below the gouge. Important
programs to be planned in such a way as to contributory factors appear to be relatively
minimize the potential for damage. high local tensile residual stresses assoc'ated

with the damage, ano strain-aging of the pipe
1 material at the service temperature. In the

cases which have occurred on the NOVA system,
........ ft.$- . the damage was caused during construction;

T.0.,,A ,.4.o4.H,,.B final failure occurred from five to teni years/ /

later. This emphasizes the Prime impor-tance of
attentive inspection at all phases of
construction, as well as of proper attention to

S22.. ... 69 WT G,359coating integrity.
STRESS-CORROSION CRACKING AND GENERAL

4000 CORROSION - External stress-corrosion cracking

(SCC) has been recognized as a potential source
of failure for over twenty years9 . The great

000 majority of such failures has taken place in

the U.S.A., whose pipeline infrp- acture is by
far the most extensive and also, on average,

,oo ,5 20 the oldest in the world. More recently,
CRACK GROWTH., however, significant SCC failures have taken

place in other countries, most notably in
Fiy. 4 Time-dependent Growth to Failure of a Australia I0 and, recently, in Canada.

Through-wall Flaw in a Vessel Test Many of the controlling parameters
(After Leis) associated with SCC are now well established11 ,

at least for toe "classical" SCC phenomenon
HYDROGEN-ASSISTEU CRACKING - Hydrogen which has been extensively studied in the

stress cracking has been known as a source of U.S.A. and elsewhere. It is clear that the
pipeline failures for many years, but it was predominant electrolyte involved is a
initially only observed in conjunction with carbonate-bicarbonate solution, and that
hard spots arising from inadvertent rapid cracking occurs when CP potential decays into a
cooling durng production of skelp with much relatively narrow range (typically quoted as
higher carbon contents than modern pipeline -600 to -750 mV) and is held there for long
steels 7. Hardness values well over 400 HV periods as a result of locally defective
throughout the pipe thickness were not uncommon coating conditions. For any given combination
in such regions. Hydrogen liberated at coating of material and operating conditions, there is
holidays by the action of cathodic protection a threshold stress below which cracking will
potentials more negative than -1170 mV vs. not take place. SCC growth rates appear to
Cu/CuSO4 provides a source of atomic hydrogen increase with temperature, so thlt the most
in the steel which, combined with the applied severe problem! have often been experienced
stress, can then lead to cracking at the hard immediately downstream of compressor stations.
spot. Surface condition of the pipe is an important

In the last few years, several service factor; mill-scaled surfaces appear
failures of a related nature have taken place particularly susceptible to SCC, while
in modern pipeline steels which are not grit-blastine greatly improves SCC resistance.
susceptible to the presence of hard spots8 . SCC, when it occurs, is generally a
rypical steels which have been involved contain serious problem, since cracks rarely occur
only about 0.09% carbon, and bulk hardnesses singly. In addition, as a result of multiple
are generally in the range 200 - 250 HV. The crack linkage, cracks generally develop high
key factor in the initiation of these failures aspect ratios by the time the pipe wall is
has been the presence of mechanical damage in penetrated, so that they are apt to cause
the form of gouges, in some cases with minor ruptures rather than leaks. Often, long,
denting. A disturbing feature has been the continuous sections of pipelines are found to
relatively minor nature of the damage, and the be affected; in a recent investigation, over
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50% of nearly 300 sites investigated on a techniques may be applied, together with
single pipeline were found to show SCC traditional strain-monitoring and high level
indications. Rehabilitation of a line known to modelling of pipe-soil interactions, to
contain SCC is difficult and costly, since determine when intervention is necessary to
in-line inspection for axial cracks is still in preserve the integrity of the pipeline.
a developmental stage. Since the range of soil
types, pH, electrolyte characteristics and pipe FRACTURE PROPAGATION
material which have been associated with SCC is
now extremely extensive, mitigation of this DUCTILE FRACTURE PROPAGATION AND ARREST -

failure mechanism must be a concern in the As has been mentioned, research on the
fracture control plan for many, if not most, propagation and arrest of ductile fracture in
long-distance pipelines. Since it is gas pipelines began some twenty years ago, and
economically (and, for higher pressures, is still continuing. Such research is both
technically) impractical to design such systems extremely expensive and technically
at stresses which are reliably below the SCC challenging, since the validation of any model
threshold, the use of high integrity, requires large-scale testing involving
plant-applied coatings represents the only realistic pressurizing fluids. Over this
effective defense. Apart from the improved period, many methodologies have been proposed
performance of the coatings themselves, the to determine the necessary toughness level for
associated surface preparation is also of fracture arrest. Figure 5 shows the results of
considerable benefit. calculations using five of these

External corrosion has been a continuing approaches 1 ,12 , some of which involve detailed
source of pipeline integrity problems (about 7% consideration of the interaction between the
of all reportable service incidents in the driving force provided by the gas and the
U.S.A. between 1970 and 1984) 3 . Again, many fracture resistance of the pipe, while others
factors are involved, including groundwater Pressure. kPa

chemistry, bacterial effects, and cathodic 7875 9188 10500

protection practices, but the single most
important factor is, once again, coating 90

integrity. Here, too, for the planning of NP 48,16 mWT

major, new pipelines, only the specification of
high integrity, plant-applied coatings, coupled
with careful inspection both in-plant and
during construction, represent an adequate -,

response.
SOIL MOVEMENT - A significant number of 70

pipeline failures has been associated with soil
movement. The site-specific design of modern
pipelines will involve the consideration of 0
allowable longitudinal strains ii ))c i
tensile and compressive directius. i. .

former case, the fracture resistance of girth
welds will generally be the limiting factor, 0 0o
while buckling resistance is the major concern
in the latter. Extremely complex and costly X
mitigative measures have been proposed for
specific pipelines, particularly in regions ' I C

-- Ns klsdler./CSM

where frost-heave and thaw-settlement may be -Mannesmann........... BGC95%
encountered. As the available technology ---- AIs1

advances, it is becoming clear that it may be 30
appropriate to pay more attention to in-service
monitoring rather than to attempt, at the _ _ _ _ _

design stage, to allow for all the 300 350 400

displacements which may occur over the life of HOOPSTRESS, MP

the pipeline. Remote monitoring techniques Fig. 5 Arrest Toughness (2/3 Charpy - V Energy)
using satellite conunications, intelligent, As a Function of Hoop Stress for Five
position-sensing pigs and other advanced Different Prediction Methods
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are purely statistically-based. Though the
latter may be adequate for predicting the
behaviour of many pipelines transmitting nearly
pure methane, only those models which Ga O-s,.1O

explicitly consider gas behaviour can be used

for more complex natural gas mixtures or
for CO2 . U2.

As the example in Figure 5 shows, a wide --

range of alternative approaches yield similar z --

results at relatively low hoop stress.
Significant divergences begin to be observed as /
hoop stress increases. It is noteworthy that, ...
at least up to the stress levels shown
(approximately corresponding to Grade 483 (X70)
pipe operating at 80% SMYS or Grade 550 (X80)
at 72% SMYS) the Battelle "long-form" model

2

provides the most conservative predictions. PSSURE

The model is a useful one to consider in
some detail, since it is simple enough to allow Fig. 6 Effect of Initial Pressure and Rich Gas
the logical structure to be followed quite on Fracture Arrest Toughness According
readily but complete enough to allow certain to Battelle Model - Schematic
complexities, particularly in terms of gas
composition, to be addressed. In addition, the graphical presentation shown schematically in
basic equations, while including some empirical Figure 6, in which curves expressing the
factors and simplifications, are strongly based variation of fracture velocity and
on the physical phenomena involved. The model pressure-wave velocity with pressure level
essentially depends on three relationships. appear. As fracture first begins to propagate,
First, a "fracture arrest stress" (and decompression wave velocity is higher than
corresponding pressure) is calculated, based on fracture velocity, ana the crack-tip pressure
the material flow stress, pipe geometry and progressively falls as the decompression front
tough:.ess. Initially, Charpy shelf energy was runs ahead of the fracture. However, if an
used as the measure of toughness, but obviously intersection occurs between the decompression
the model can accommodate other approaches, as velocity curve and the appropriate fracture
will be discussed later. Second, the variation velocity curve, the related pressure level and
of fracture velocity with the ratio between the fracture will ultimately travel at the sdme
crack-tip pressure and arrest pressure is speed, and the fracture would theoretically
developed. Finally, the variation of crack-tip propagate indefinitely at that speed. If, on
pressure as a function of initial pressure and the other hand, no intersection exists, the
the appropriate expansion wave velocity is crack-tip pressure will fall below the arrest
determined. For gases which closely pressure, and no further propagation can occur.
approximate perfect gas behaviour such as pure The dividing line between propagation and
methane under typical transmission pipeline arrest is thus represented by tangency between
conditions, theoretical equations predict very the two types of curve, and the "arrest
closely the observed decompression behaviour, toughness" is determined accordingly. In
Generally speaking, as the proportion of higher reality, as can be readily understood, the
hydrocarbons increases, and at higher pressures process of pressure decay takes a finite time,
and lower temperatures, decompression behaviour during which the fracture continues to
deviates progressively from perfect gas propagate, so chat the effective arrest
behaviour. Various computer-based models exist toughness is a function of the desired arrest
which allow the accurate prediction of the length. Maxny found empirically that a
behaviour of "rich" gases. Because of the distance of around 10 m (33 ft) was necessary
particular decompression behaviour of CO2 from to arrest a fracture at the theoretical arrest
the supercritical range, it must be treated toughness . Greater distances may be needed
separately, and this is discussed below, close to the origin, or where very large

The way in which the interaction between changes in toughness occur from pipe to pipe.
gas decompression and fracture is handled is Figure 6 also illustrates the effect of
most easily understood by means of the increasing gas pressure on the predicted
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Grade 483 (X70) Grade 550 (X80)

Pressure, kPa (psig) 7446 (1080) 7446 8687 (1260) 9928 (1440) 7446 8687 9928

Temperature, 
0
C (oF) 20 (68) 4 (39) 4 4 4 4 4

Diameter, NPS

36 155 (114)

42 170 (125) 210 (155)

48 155 (114) 190 (140) 185 (136)

56 150 (111) 160 (118) 170 (125) 190 (140)

toughness required for arrest; a higher initial As a result of the above difficulties,
pressure leads to higher crack-tip pressures at considerable efforts have been made, and are
any fracture velocity, and hence to higher still continuing, aimed at identifying
arrest toughness. The effect of rich gas is mechanical tests which are representative of
also indicated: at some stage of the the true fracture resistance of a complete
decompression process, the phase boundary is range of pipeline materials, and at developing
intersected, liquid dropout occurs, and a models which give a more complete
constant pressure region is encountered in the representation of fracture behaviour. An ideal
decompression curve. As mentioned above, this fracture propagation model would allow the
effect is intensified by high initial pressures prediction of fracture velocity, point by
and low initial temperatures, and usually point, for any propagation event. The High
results in increased toughness requirements for Strength Line Pipe Research Committee of the
fracture arrest, as is indicated in Figure 6. Iron and Steel Institute of Japan has developed
It should also be noted that, other design a methodology which aims at achieving this
factors being equal, the arrest pressure (the result 15 . The form of the three fundamental
intercept of the fracture velocity curve on the equations is essentially the same as in the
pressure axis) decreases with decredsing Battelle approach, but the constants were
thickness. Using higher strength materials at redetermined by regression on data from a
a constant design factor, while usually series of burst tests on NPS 48, 18.3 mm
attractive from an economic point of view, thus (.72 in) WT, Gr. 483 (X70) pipe. The primary
demands increased toughness. The quantitative tleasure of fracture resistance adopted was the
effect of some of these variables, as well as energy absorbed in the statically-precrackea
that of increasing diameter, can be illustrated drop-weight tear test (DWTT). For the most
by reference to the above table, which gives part, the method was quite successful in
arrest toughness in joules (ft-lbs) for a reproducing the point-by-point fracture
typical, rich gas composition and for a propagation behaviour of the tests from which
constant, 80% design factor, the coefficients were determined. It remains

to be demonstrated that this approach can be
An additional observation which may be extended to a wider range of test conditions.

iiade is that the Charpy requirements predicted A similar approach can be pursued using
are extremely high for all of these designs. the original Battelle equations, which have
An ex, nsive program of full-scale burst tests been extremely successful in describing
cdrrieu out in Canada revealed that the fracture velocity and discriminating between
practical situation is even more severe, as arrest and propagation under "conventional"
Figure 7 indicates 13. It was found that actual pipeline conditions similar to those for which
arrest toughness values were some 30% higher they were developed. Figure 8 shows an example
than the predictions of the Battelle model from the Canadian tests, involving a NPS 56,
which, at the time these tests were conducted, 13.7 mm (.54 in) WT, Gr. 483 (X70) test
was the most conservative of the existing section. Though the gas was rich, test
approaches. Burst tests carried out elsewhere conditions were such (7446 kPa (1080 psig),
on materials up to Grade 550 and at pressures 19C (66°F)) that there was no significant
up to 18 000 kPa (Z610 psig)1 , have confirmed discontinuity in its decompression behaviour.
this general trend, and have called into Two observations are apparent. First, Charpy
question the ability of a single, small-scale shelf energy seriously underpredicts fracture
notched bend test, such as the Charpy test, velocity, while the relationship between
adequately to reflect the fracture resistance predicted and observed fracture length is
of large-diameter pipes which, today, may be inconsistent. In addition, this method allows
produced in many different ways.
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continued propagation at velocities
significantly below about 80 m/s (250 ft/s),
which is not observed in practice in on-land
tests of this type. On the other hand, the use

of precracked DWTT energy overpredicts fracture
velocity, and no fracture arrest is predicted.
This example is illustrative of the difficulty

200 0 of extending the use of a model outside the
0 * range for which it was developed.

Predicted ArrestIni ma
Toughrress 0

0
oin reality, it may be that the search for

0 a a single, simple notch-bend test which will

0 0 represent the material's response to the
1 fracture event for all geometries, steel types

and levels of driving force is doomed to150

o failure. Much of the research effort in this
area has centered around the idea that fracture

U surface separations, typical of many high
0 strength line pipe steels, account in ::"e w~y

0for the inability of the Charpy test to predict
0 ofracture behaviour, and that links can be found

1oo between appearance of these separations and
specific skelp production techniques. On the

0 Arrest other hand, DWTT developments have concentrated
. Propagate on the hypothesis of "excess initiation energy"

in ostensibly high toughness steels, and on
I idevising methods to eliminate it. The

100 150 200 precracked DWTT is one example of this effort,
BCLJAGAPREDICTEDARRESTTOUGHNESS, J though it has not gained widespread popularity

as a result of difficulties of standardization.
Fig. 7 Comparison of Observed and Predictea While this work may well prove to be valuable,

Burst Test Results; NPS 48 and 56, it now seems apparent that the only approaches
Gr. 483 Containing Rich Gas at offering some hope of a universal understanding
Pressures up to 8687 kPa of fracture propagation and arrest are those

which involve a detailed consideration of the
FRACTURE VELOCITY, MS deformation processes which accompany fracture,

/°.\ and the way in which they relate to measurable
material properties. At the least, the way in
which the material responds to the opening of

2 --0 the "flaps" behind the fracture front,
- - 2 0-i '. . -directing a zone of intense plastic deformation

-' |' i--- to the area immediately ahead of the crack tip,

"/ i" "and the way in which the final, local necking
1oARREST and separation take place in this zone, need to

be explicitly considered. It should certainly

ARRES/ EST be no surprise that these two phenomena may
AR EST ARREST vary in different ways with material

203 161 133 104 41 47 115 13 165 _ 10 characteristics and geometry, and that a
40 20 0 20 40 single, simpie test may not be adequate to

DISTANCE FROM INITIATION, m represent both aspects of the material
- - - - PcDwTT response. Work is continuing in a number of
.....OBSERVED laboratories aimed at resolving some of these

CHARPY issues.
Despite the difficulties enumerated above,

it is still often possible to define, for
Fig. 8 Fracture Velocity Predictions Based specific project conditions, some value of a

on PCDWTT and Charpy Energy Using the material property or properties which will give
Battelle Model a very high probability of arrest (which we
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shall continue to refer to as "arrest designed, for economic and operational reasons,
toughness"). It may not be logical, however, to operate in the high pressure, supercritical
for demanding designs, to take this value as a range. The operating point shown in the
specification minimum. It is generally more pressure-enthelpy diagram of Figure 10
appropriate, in the context of an overall represents the maximum pressure and temperature
analysis of risk and economics, to decide what for a typical design; unlike rich natural gas,
is an appropriate maximum length for fracture, C02 presents increasingly severe fracture
at an appropriate level of probability. This arrest conditions as the temperature increases.
maximum length may be quiLe short, for a On initiation of rupture, decompression will
pipeline which traverses regions of high take place along a line of constant entropy
population density, or longer (but possibly, until the phase boundary is encountered, as
for logistic reasons, at a higher probability shown. Pressure then remains essentially
level) for pipelines in remote areas. constant at the saturation pressure, (about
Extensive Monte Carlo simulations have been 7000 kPa [1000 psi] in the current case),
used to determine what fraction of "arrest throughout the subsequent fracture event. This
pipe" is needed as a function of maximum theoretical behaviour has been confirmed by
fracture length, but relatively simple experimental determinations of C02
closed-forni statistical calculations are also decompression behaviour from typical pipeline
effective1 . Figure 9 shows this relationship conditions.
for a number of probability levels; it is clear
that, if maximum fracture lengths of several 20000A o0 c 200C 40'c 600c
hundred metres can be tolerated, a relatively
low percentage of "arrest pipe" is needed. If, 15000-CONSTANT

on the other hand, fracture must be contained ENTROPY

within a few pipe joints, very few "propagate 10000pipes" can be accepted. Specifications and oo

mill inspection schemes can be devised on a -d

statistical basis to meet these requirements in W -

a reliable and economical manner. LU

~~~~~3000 . . . . .
-5 0 5 10

0 3ENTHALPY, MJ/kg mole

0 Fig. 10 Pressure - Enthalpy Diagram for
Pure C02

40 1.I , L-9q', Since the fracture propagation phenomenon
09.., takes place essentially at constant pressure,

2 it follows that, in order for arrest to occur,
0the arrest pressure determined by the pipe
o geometry, flow stress and toughness must be

0 3. higher than the saturation pressure. As

PROPGONLTHPP JOINTS Figure 11 illustrates, using the Battelle
equation for arrest stress, this may be

Fig. 9 Relationship Between Propagation Length difficult to accomplish. The case examined is
and Percentage of Arrest Pipe in the that of an NPS 16 C02 pipeline operating at
Pipeline 72% SMYS; initial conditions were 14 031 kPa

(2035 psi) and 400C (104°F), as in Figure 10.
FRACTURE ARREST IN CO2 PIPELINES - The Saturation pressure on isentropic decompression

dnalysis of fracture arrest requirements in CO2  is thus about 7000 kPa (1000 psi); an arrest
pipelines is simpler than in natural gas pressure corresponding to this level cannot be
pipelines but, unfortunately, for typical achieved at any toughness level in Gr. 414
operating conditions their achievement is more (X60) pipe. Only by increasing the wall
difficult. CO2 pipelines are generally thickness can arrest pressures over 7 000 kPa
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CO2 lines. Specific types studied (not all of
7500- Gr241(GrB) which have been applied) irclude "in-line"

16.4 mmWVT arrestors having heavier walls, higher
toughness, or both, loose and grouted steel
sleeves, multi-layer pipe, steel wire cables,

Gr317(X46) and glass-reinforced composite sleeves 12 . Aconcept currently under development for the Gas
7000- Gr359(X52) Research Institute in the U.S.A. is the

11.1 mmWT glass-reinforced composite "clock-spring"
4arrestor which can be wound onto the pipe

Gr414(X60) without requiring a loose end, and is thus both

inexpensive and easy to install16 . Burst tests

6500 on pipe up to NPS 30, with high crack-driving
W jforce provided by gas mixtures containing a

large proportion of C02 , have demonstrated its

W effectiveness.
.The most comprehensive study of the design
(n principles for sleeve-type arrestors was

600 carried out by Wilkowski et al. for the AGA 17.

The necessary arrestor length, as a function of
pipe diameter, is linearly related to the
velocity of the incoming fracture, which can be
estimated from diagrams similar to that shown

5500 in Figure 6; the slope of this relationship
depends on radial clearance. Grouted sleeves
were found to behave as if they had a radial
clearance of 1.9%; clock-spring arrestors so
far appear to perform similarly to steel
sleeves with a clearance in the range

5000 3.5 - 4.3%. Figure 12 shows the slope of the
arrest/propagate boundary as a function of

0 50 100 150 200 250 300 radial clearance; the required ratio of
arrestor length to pipe diameter (L/D in

CHARPY SHELF ENERGY (Full Size), JFigure 12) can thus be determined. This

analysis is on sound theoretical ground, since

Fig. 11 Arrest Pressure as a Function of L/D and radial clearance together determine the
Charpy Energy for a Supercritical
CO2  Pipeline -Tght

2500 sieve
M 2568

be achieved ano then, except at the lowest
strength levels, only at relatively high Charpy
toughness. It will thus often be preferable, 2o0

from an economic point of view, to use an L

alternative approach to fracture control, 150 .

involving crack-arrestors: these will be
discussed in the following section.

CRACK-ARRESTOR DESIGN - As a result of the ,om
extremely high fracture resistance predicted to
ensure arrest in advanced, high pressure orC, 8'

natural gas pipelines and in supercritical C02
pipelines, as well as of the conceptual
difficulties involved even in specifying and
measuring the required properties, a good deal RADIAL CLEARANCE

of attention has been devoted to the design of
independent crack-arrestors. Various types of Fig. 12 Slope of the Arrest/Propagate Boundary
arrestor have been installed on a number of as a Function of Radial Clearance for
high pressure natural gas lines, as well as on Sleeve Arrestors (After Wilkowski)
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maximum crack opening angle; the latter cost, while additional arrest pipe would carry
parameter has been increasingly seen as a a 10% cost premium. Installed cost of
fundamental reflection of fracture resistance arrestors was taken as $2000 each. Figure 13
which may be particularly useful for pipelines, shows the results of the analysis. With the

Arrestor thickness has been determined given assumptions, it can be seen that the
simply by ensuring that it provides the same optimum solution is to rely on pipe toughness,
ultimate load as the equivalent length of pipe at an estimated total incremental cost of some
wall. This may be difficult to justify $66 x 106 and a maximum fracture length of
theoretically, but has been validated by 250 m (820 ft).
numerous model- and full-scale tests or
different arrestor designs.

ECONOMIC ANALYSIS - While the choice of
economic factors as the primary determinant of Toti CosteconomicUsing Arrestors

a desired maximum fracture length may, at first (1,2-4)

sight, appear inappropriate, this often
provides the only logical basis for the
selection of mitigative procedures. Once a Ioo
rupture has occurred, gas will be lost, service
may be interrupted, a safety hazard may have 4

been created and replacement pipe will have to Total Cost

be installed. All these factors are 0E Using Pipe Toughness
,cunsequences of the initiation event itself; 0 .

what remains is a consioeratioi of whether, and ° 6
in what way, their impact is related to Z

fracture length, whether any additional hazards W
are introduced as fracture length increases and so

what is the most effective way of ensuring that
the cost of long fractures is minimized. In
order to carry out an economic analysis of this
type, many assumptions are necessary. First, InceentalPipe

any rupture event will lead to a fixed cost Costse(3) Arrestors(2) Rep- (1)

component, which is related to the mobilization
and labour costs of a repair crew and the cost
of a minimum length of replacement pipe. 1000

Similarly, it is assumed thdt any rupture will FRACTURE LENGTH, r

lead to a certain minimum outage time, with
additional outage time related to incremental
length. For the purposes of an illustrative Fig.13 Incremental Cost of Fractures Exceeding
calculation, a minimum replacement length of 75 m in Length Over the Lifetime of a
75 m (250 ft) and a minimum outage time of hypothetical Long-Distance Pipeline
3 days, with repair rates for incremental
lengths of 200 r/day (650 ft/day), have been Clearly, higher incremental pipe costs or
used. A rupture frequency of 1/11 km/yr lower arrestor costs could charge the relative
(1/6200 miles/yr) and a design life of 20 years merits of tile Lwo approaches. Similarly, if
represent nther imnortant input parameters. the probability of containing fracture within
The system considered involves 2167 km the specified length must be greater than 0.95,
(1350 miles) of NPS 48 and 56 pipe; the tariff additional arrest pipe will be needed and
regime is such that an abatement to shippers of again, crack arrestors may be favoured. The
$3.5 x 106/day would be applicable for outages fundamental assumptions behind such an analysis
exceeding 3 days. The latter figure has a very are so many, and their influence so great, that
large effect on costs and on optimum fracture no general inferences should be drawn from the
lengths, and will vary greatly from project to example shown. In particular, the tariff costs
project. In addition, it has been assumed that are dominant in the present case, and tend to
an arrest toughness can be specified, and that force the optimum towards relatively short
sufficient "arrest pipe" to ensure a maximum lengths. Nevertheless, such examples can be
fracture length of 650 m (2133 ft) at a 0.95 useful in illustrating the logical framPwnrk
probability can be obtained without incremental within which the preferred approach to the
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limitation of fracture length can be

determined.

ANALYSIS OF RISK RoPTEt XCEEDING
LENG H L
F F P,

The analysis of risk has increasingly
become a formalized procesq over the last
twenty years, and has addressed both individual
and societal risk as well as financial risk
associated with gas transmission pipeli nes. RRESTED N

The British Gas Corporation, mainly as a result P
of very specific legislative requirements, has
carried out one of the most thorough analyses
of individual and societal risk, and has
concluded that the levels of risk associated
with the bGC transmission system are very low
relative to other common sources 18 . In MHI

particular, they are one or more orders of RUPTURE RUPURE RU7URE-

magnitude lower than the societal risks L
associated with most other forms of
transportation, and also an order of magnitude
lower than standards proposed in the U.K. for
chemical process plants. f REO ENCY DAMAGE

One of the techniques of risk analysis P PROBABILITY MECHANICAL SEVERIT
DAMAGE CRITICAL

which appears to have airect application in the ,. p

development of fracture control strategies and
pipeline integrity studies is fault-tree
analysis 19 . This approach breaks down the
cause of a given "top event" (e.g., a specific
system failure) through a number of logical Fig. 14 Partial Fault-tree Illustrating a
"and" or "or" gates. Frequencies and Possible Approach to Assessing
probabilities can be assigned to the various Sensitivity of a Given Failure Event
subresultant and basic events and combined to Causal Factors
through the different logic gates by simple
probability calculations. For the evaluation unavailability statistics are available for a
of very complex fault-trees, extensive computer surprising range of equipment used in the oil
software packages have been developed, but and gas industry, failure statistics for
simple fault-trees are readily evaluated by pipelines are in general drawn from populations
hand. One of the most promising applications which are highly heterogeneous both
in the field of fracture control appears to be geographically and in time (and hence, in
in the analysis of the sensitivity of specific technology). As an example, corrosion failure
failure events to a range of causal factors, frequencies heavily biased by statistics for
Figure 14 illustrates part of a fault tree uncoated or inidequately coated lines, or lines
which could be used to determine the expected without CP, would be an inappropriate input for
frequency of a specific, undesired failure a modern pipeline using a high integrity
event (fractures longer than L metres) as a coating and well-designed CP. Conversely,
function of all the possible causal factors, because technology development is a continuing
The evaluation of such fault-trees can be process, the failure statistics for systems
extremely helpful in determining the relative typical of current design practice are
value of mitigative practices aimed at (happily) limited. A good deal of judgement is
individual causal factors; in addition, in the therefore required in order to achieve useful
present case, it may be useful in defining the results at the design stage. Past experience
appropridte probability level at which to enter may be much more applicable, on the other hand,
diagrams such as that in Figure 9. One to the integrity assessment and rehabilitation
difficulty associated with the use of such of existing systems.
techniques is the determination of appropriate
input values. While unreliability and
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TRENDS IN DEVELOPMENT AND AVAILABILITY
OF HSLA LINE PIPE STEELS
IN DEVELOPING COUNTRIES

Pascoal J. R Bordignon
Companhia Brasileira de Metalurgia e MineraQo

Sio Paulo, SP. Brazil

ABSTRACT forces during rolling. During the eighties the
line pipe steel product area has experienced a

Development and large scale production of period of metallurgical cophistication and
traditional high grade line pipe steels have super tough grades up to X80 strength level are
recently been established in a group of produced from steels containing very low levels
developing countries that have had investments of almost everything (C, P, S, and N). This
on modernization and expansion of their steel achievement is mainly related to sophistication
industry. The present paper summarizes the during production of liquid steel
developments which have occurred in those (developments in hot metal treatment, combined
countries, specially in Brazil, in the subject blowing, secondary refining - RHOB) and, to a
area of HSLA steels for submerged arc welded - certain extent, introduction of accelerated
SAW pipes. As the development of line pipe cooling of plates.
steels is very related to the development
stage of the steel industry considerations are
also made about some of the equipments

available in the steel mills. DATES OF MAJOR CONFERENCES

63 65 67 69 70 72 75 75 76 79 BIHOa2 83 a

CONCENTRATION OF RESEARCH FUNDING
RESEARCH FUNDING

MeGILL

THE APPLICATION OF MICROALLOYING in large BY MAJOR STEEL CO', PITTSBURSGH
BISRA CAMBRIDGE

industrial scale dates back to the late fifties SWINDEN LABIBSC) SHEFFIELD
I CRM KYOTO

(1) but it was during the seventies that the CSM BERKELY
IRS ID

technology of microalloying became a reality in IVERS 
D  

TY SF
UNIVERSITY OF

figure 1 (2) the highest rates of development
of microalloying technology occurred between
1970 and 1980. During that period accurate
controlled roling practices were establishedMECHANISMS

B ELL DOCUMENTED.
in steel mills located in developed countries I STRUCTURE-PROPERTY

with tradition in the steel industry, specially

Japan, West Germany, Italy and France.

In very simple terms, microalloying combined MPHOVEMENS IN IMPURITY CONTROL-

with controlled rolling, or controlled LO S XYEN, NITROGEN,HYDROGEN
thermomchancal processing, is the necessarya.. . ....

condition for the production of high grade line I a D 75 Is RD RD YEAR

pipe steels. Thus, and as a natural
consequence, large scale production of line
pipe steels has been concentrated on those
developed countries, where the industrial Figure I- First Microalloying (HSLA) Life Cycle
technology was developed and where investments
were made to allow production of clean steels Until recently, developing countries, or new
and processing under very high separating industrialized countries - NIC, could not he
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quoted among producers of good quality line
pipe steels. The situation however is changing

as some developing countries have been making 160

large investments to expand and modernize their
steel industry. Availability of raw material, 140

low labor cost, well equipped steel mills, _
foreign technical assistance and well qualified z0 /. ./ \
personnel are conditions that have lead some - I 'A / A AA
developing areas to the position of competitive oa / -.. __
producers of line pipe microalloyed grades. .

0 uSASteel grades are still limited to conventional so-
ferrite pearlite type but it can be expected
that in the near future, as steel plant' Go

modernization continues, developing countries
will also be producing the sophisticated "low w-. GEANY

everything" steels. Developing countries with
larger potential in the microalloyed line pipe
steels product area are Brazil, South Korea, 20

Mexico and Taiwan. Venezuela, Argentina, China

and a few others will certainly join the group ,o 7 ,. 7, ,, ,o ,z ,. ,. ,
of high grade line pipe producers in a not too
distant future.

IS THE WORLD STARTING TO HAVE A CHANGE IN THE

GEOGRAPHY OF STEELMAKIN(;? Figure 2 - Raw Steel Production by Traditional

Large Steel Producers
Large tonnage steel making has for a long time
been a tradition of a group of developed

countries, specially USA, Japan and West
Germany. URSS has maintained its position of
the largest world steel producer. However, it . o "

is also the largest importing country for high
grade line pipe steels. As figure 2 shows there 7 7
is a tendency towards decrease in steel UNITED STATES 132 6492

production in important traditional steelmaking JAPAN 1 342

areas (3,4). Those areas, have reached a high
level of economic growth and intensive FRANCE [4 73 42 l I, 335

infrastructure building is something of the
past, which is equivalent to a decrease in the UNITED KINGDOM, S.1624

'
FI N7 323

need for steel. High labor cost and strict
regulations on pollution control are also GERMANy l I 34 67 327
inhibiting factors for expansion of steel BRAZIL * 7271

production in developed countries. 13
I I I I I I
0 100 200 300 400 50

Developing countries, on the other hand, have

growing needs for steel. Labor cost is low and, UsI/TONROLLEDPRODUCTS
in some cases, there is large availability of * COST OF FLAT PRODUCTS

raw materials. Brazil, for instance, has one of
the lowest production cost of steel in the
world, figure 3 (5). As a result, a group of

developing countries is becoming important Figure 3 - Production Costs in Some Selected
steel producer, figuce 4 (3,4). It can be Countries Considering 907 Utilization Ratio.
expected that these countries will give
continuation to the expansion in their steel HSLA LINE PIPE SFEELS IN DEVELOPIN(I COUNTRIES.
industry, although many of them have at present
serious economical problems, significantly The lines that follow briefly describe about
affecting the geography of steelmaking. the development of microalloyed SAW line pipe
Parallel to the increase in steel production steels in a group of developing countries.

capacity intensive modernization of existing Mention is also made, in some cases, to the
steel works as well as construction of new stage of development of the steel industry.
plants with recent technology have occurred This might be the first document trying to
generating the necessary conditions for the summarize the subject in such aI large
production of mlcroalloyed line pipe steels, geographical area and there is not much
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published information available. Thus, there USIMINAS and COSIPA are equipped with vacuum

might be unintentional omission to some degassing RH units and USIMINAS has

existing work. electromagnetic stirring also. Plate mills are
located in USIMINAS and COSIPA which have
powerful, about 6000 t separating force, 4100

mm wide rolling mills.These plants also have

facilities for heat treatment of plates. CSN,

on the other hand, has a modern 7 stand hot

strip mill with production capacity of 3.2 m

tpy and produces coils with maximum weight of
40 ton. Additional information about steel

/plant facilities and achievements in Brazil are
available in good recent publications (5,7,8).

Figure - Raw Steel roducti o- in roup of
Dleveloping Countries

3RAZIL. - In the last seventeen years steel
production in Brazil increased from 5.5 mt to

22.2 mt in 1987, and the country is now the 7th - 6

largest steel producer in the world. )uring the I

expansion programmes the local steel industrv
was equipped with advanced and efficient
technologies and the country reached a h igh F.gure 5 - Imports and Exports of Steel
degree of competitiveness. From the position ol Iroducts

steel importer in the mid sevent ies Brazil
evoluted to a large exporter ot steel products In Brazil, production of pl ates for pipes on a
in the eighties, figure 5 (h). In September commercial scale and meeting standard API 5IX

198h the objcctives of the 2nd National Steel was started in 1978 bv the two steel plait-
Plan were announced by the government. fhat equipped with plate mills - 'SIMINAS and

plan establishes an increase in production COSIPA. Steel grades developed b that tim-e
capacity from 26 m tpy, in 1987, to 50 m tpy in were X52 and XhO. Typital X61 grade all,:
the year !.000. It is to he developed through design comprised 0.15" C; 1.24- Mn; 0.22" Si;

further expansion and modernization of existing 0.10 P; 0.010- S; 0.035 Nb and 0.05i- V for
plants and construction of new steel mills in plates produced at lSIMINAS (Q). Similar steel
different areas of the country. During that was being produced o" POSI IA. Exports of API
expansion program accelerated cooling for plate steels started in IQ74 when CONFAB (the

product is to be incorporated to one or two Brazilian SAW pipe producer) produced 1

steel mills In Brazil. Work is already in thousand tons of X52 pipes for Mexico. The
progress to introduce combined blowing in (OF plates were provided by 'SIMINAS.
steelmaking at USIMINAS, a large line pipe
steel producer in Brazil. The development and production of these two

grades marked the beginning of the applicatin
The steel companies in Brazil producing and of controlled rolling practices in Brazil.

processing microalloved line pipe steels are These prctices had been assimilated through

'sinas Siderurgicas de Minas Cerais - USIMINAS, technical training and the visits ot Bra/ili.n
Companhia Siderurgica Paulista - COSIPA and, to metallurgists to steel plants in Japan and
a lesser extent, Companhia Siderurgica Nacional Europe.
- CSN, with present raw steel production

capaciti
e
- of 3.9; 3.5 and 4.6 m tpy, Also in 1978, production of microalloved steels

respectively. All these companies operate hot by continuous casting started. ISIMINAS, after
metal treatment and sulphide shape control, having conducted extensive studies of the
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TABLE I - TYPICAL CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES OF API STEELS PRODUCED IN BRAZIL

a. CHEMICAL COMPOSITION

CHEMICAL COMPOSITION

THIC- f
STEEL KNESS C Mn P S Si Al Nb V Cu Ni Ti

(mm)

(1)

X52 15.88 0.15 1.10 0.017 0.008 0.25 0.032 0.03 -

(1)
X60 19.05 0.14 1.30 0.018 0.006 0.22 0.035 0.03 0.06

(1-2)
XoO 20.62 0.10 0.91 0.020 0.003 0.20 0.034 0.01 0.013 0.31 0.15 0.022

(1)
X65 9.53 0.11 1.40 0.018 0.005 0.25 0.029 0.03 0.000 - () . j

( 2-31

X65 10.31' 0.12 0.85 0.015 0.001 0.24 0.021 0.036 0.032 0.30 0.15 0.011,

X70 14.27 0.10 1.58 0.015 0.005 0 .2;' 0.022 0.0 1 0.072
__ __ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _

h. MECHANI(;AI. PROPERTIES

MIECIAN ICAL PROPER IIES

iTI C

STEEl. KNESS Rp Rm A C V N -2u C DIFI -211
(mm) (i3 a) (,"lla) (\ 1 { I ) [ - .F.

il!

X52 15.8HS 420 540 40 61 )

Xh l 1 ) 5! 510 610 37 ;2 Ili

(1-21

X/O6 20.62 490 "370 41 1414 11)

/65 9.51 70 640 .3 88 1(l(

12-3)

X65 10. 51 550. 599 35 75 1100

13)

X70 14.27 610 696 32 101 1(1O

NOTES: 1. PROI)UCTS FROM USIMINAS
2. HIC RESISTANT STEEL

1. PROIDUCTS FROM COSIPA
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quality of continuously cast steel (10-11), 1981 those grades have oeen in normal
produced since 1976, started casting a vanadium production at COSIPA. USIMINAS started
microalloyed structural grade - SAR 50 (12). producing X65 grade in 1980 and X70 in
The experience gained in these studies,and 1983(16). These API steels have alloy designs
by being alert to the necessary measures based on the standard combination of niobium
recommended for continuous casting of and vanadium , and exhibit fine fezrite-
microalloyed steels, resulted in good quality pearlite microstructures. Typical chemical
indices for SAR 50 continuously cast slab. At compositions and mechanical properties are
about the same time production of X52 and X60 given in table I (17,8). Since the development
grades by continuous casting was initiated of higher grade API stepls in Brazil their
(13), and this also maintained good quality commercial production has been significantly
indices. In addition to the application of increasing, as shown in figure 7 (17). API
controlled rolling and continuous casting to steels produced in Brazil have been consumed in
microalloyed API steels in 1978, an important several projects, local and abroad. Some of
point was the success of efforts in the them are mentioned in table II (17).
direction of low sulfur steels. Although

0.010%S is the typical figure mentioned above
for X60 steel sulfur contents of 0.0057-
0.0087 were being obtained by USIMINAS and TABLE II - SOME APPLICATIONS OF BRAZILIAN API
COSIPA (13-14). STEELS

During subsequent Years, production of API PIPE
steels at USIMINAS and COSIPA increased DES'iINATION GRADE DIAMETER
substantially. Considering that API steel is (inches)
one major consumer of microalloys in the
product mix of U'SIMINAS, the above statement Oil line between X70 30

can be illustrated bv figure 6 where the California and Texas

evolution of special ferroallov consumption
during the period 1978 - 1986 is shown Gas line Reynosa- X52 24
(9,15).Contemporaneouslv with the increase in Escalon, Mexico

production, qualitx improvement occurred with
the installation of units for sulfide shape Gas line - underwater- X60 24
control at I'SIMINAS and OSIPA. The ladle Campos Basin, Brazil
injection system at COSIPA began operation in
1980. That s'stem was developed by COSIPA and a Oil line, Golf of Cam- X60 3o
local research institute. At present, two of peche - Bocas, Mexico
those units are in operation at COSIPA.

Gas line Neuquem-Pache X52 30
co, Argentina

I ;as line, Melbourne- X65 30
'SF Ballarat, Australia

2Gas line-underwater- X60 20

Bombavn, India

t:as line Neuquem-- XhO 30
Bahia Blanca, Argentina

o_ _ _ _ _(,as line, Harzira- .60 ?8 and 36
.Jagdishpur, India

Gas line, V. Pedonda- XN5 22
'. o. .,' ;, s, S S. Paulo, Brazil

In the mid of present decade CSN put into

operation its modern hot strip mill which can
figure 6 - Evolition of Special Ferroallov-, produce, as previouslv menti:oned, 3.2 m tpy of

(,onsumption at I'SIMINAS (FeNh+FeV+FeTi+FeCr) products, in width and thickness tp to 1575 mm
and 12.7 mm, respectively. Development of API

lit, experience iccumulated in Lhe production steels up to X60 grade has been cirrYed out
if APN steels in the late seventies accelerated (18).
the development of grades X65 and X70. Since
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The SAW pipe division of that company was

S 0 X 52 AND ABOVE established in 1974 and produces pipes in
X 46 ANOINFERIOR diameters up to 48 inches. CONFAB also

produces spiral and ERW pipes and has been
20 giving an important contribution to the

development of line pipe steels in Brazil. The
company is very much involved in new
developments with the Brazilian steel

10- companies.

The production of API steels meeting strict

quality requirements has added Brazil to the
02 83 84 as ,s list of the few countries which export such

YEAR products. It is now expected that Brazil will

start the stage of sophistication of the API

grades.

Figure 7 - Participation of API Steels in SOUTH KOREA - South Korea, as well as Brazil,
USIMINAS Product Mix are two of the world's fastest growing

steelmaking countries, after China, figure 4.
HIC resistant steels have been developed since Raw steel production in South Korea increased
about 1984 (19). To date HIC resistant grades from only 480 thousand tonnes in 1970 to 16.8

up to X65 are available in USIMINAS (20) and mt in 1987. Pohang Iron and Steel Co. -
also in COSIPA. Typical chemical composition is POSCO is the largest and most important steel

also shown in table I. The steels follow the company in South Korea with a total raw steel
recommended measures for HIC resistance,low S, production capacity of 11.8 m tpy, in two works
low Mn, Cu addition and Ti treatment and meet - 9.] m tpy in Pohang Works and 2.7 m tpy in

BP conditions. HIC resistant steels under NACE Kwangyang Works (21). The later is a very
solution have not been developed yet. modern steel plant, producing hot strip

products, which started operation in 1987.
At present, a second generation of API HSLA Pohang works is also a modern steel plant that
steels is under development both at USIMINAS had its start up in 1973 (22). At that time
and COSIPA. Those two companies have been Pohang works could produce I m tpy (23).
investigating steels with microstructure Successive expansions boosted production

comprising lower temperature transformation capacity to present 9.1 m tpy level and modern
produ-'ts. USIMINAS has published the initial equipments have been installed.

results obtained in industrial trials, table
Ill (17). In that table it is observed a Although raw materials for steelmaking are
further move in the direction of lower carbon mostly imported from overseas very efficient
contents. COSIPA has started development to steel mills and low labor cost will
obtain X80 grade and a move to lower carbon certainly keep the South Korea position of a
content is expected in order to meet higher growing and strong steel industry complex.
toughness requirements. Further information Productivity at Pohang Steel Co. is rated at
about this development is presented by COSIPA 760 ton/man/year (24) and total cost of
in this conference. producing steel products is 39% lower than

that of Japan (25). It is predicted that crude
USIMINAS is participating with CONFAB and CBMM steel productior will rise by an average 6.5Z
of an international program on the development until 1990 and then 3.9% annually between 1991
of superior steels processed under relaxed and 2000 (21). Exports of steel products are
con-rolled rolling regime. An industrial heat predicted to rise by an average 4.7% until 1990
was produced and chemical composition and and then fall to an average of I.1% annually by

mechanical properties are shown in table IV. the end of the century. In 1987 South Korea
With the alloy design selected, independently exported about 44% of its flat products
of the severity of the rolling schedule applied production. However, it is also expected that

very high toughness properties are obtained. At local demand of steel products will be above

present, a detailed pipe weldability program is production capacity by the year 2000 (21).
being concluded at CONFAB and results are to

be published soon. POSCO, in Pohang Works, has steelmaking
facilities to produce superclean steel grades.

It is also important to mention that Brazilian Hot metal treatment, RH degassing as well as
AI steels are marketed either in the form of ladle furnace and electromagnetic stirring in
plate or in the form of pipes. SAW pipes in continuous casting are available (22,26,27).

Brazil are produced by Confab Industrial SA. The processing equipments are impressive also.
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TABLE III - CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES OF ACICULAR FERRITE X 70 STEEL PLATES

a. CHEMICAL COMPOSITION

CHEMICAL COMPOSITION

TH-IC-
KNESS C Mn Si P S Al Nb V Mo

(mm)

14.00 0.07 1.74 0.26 0.023 0.006 0.035 0.038 0.062 0.20

12.00 0.05 1.65 0.26 0.015 0.005 0.038 0.041 0.061 0.25

9.50 0.07 1.63 0.22 0.018 0.003 0.033 0.041 0.062 0.20

b. MECHANICAL PROPERTIES

MECHANICAL PROPERTIES

THIC-
KNESS Rp Rm A Rp / Rm CVN (-20 C) DWTT (-20 C) HVIO

(mm) (MPa) (MPa) (7) (7) J /cm2 ()

14.00 520 750 21 69 80 100 235

12.00 540 720 20 75 130 100 235

9.50 560 710 21 79 135 100 230

There are two plate mills with maximum 1978 - Development of controlled rolling and

separating forces of 4000 ton (prod. cap. of cooling technology.

0.4 m tpy) and 7000 ton (prod. cap. of 1.4 m

tpy) capable of producing plates with maximum 1983 - Development of sulphide shape control
widths of 3000 mm and 4500 mm, respectively, technology

There are two hot strip mills, one of them with

3 continuous and I reversing type roughers plus 1983 - Improvement on microalloying technology

a finishing train of 4 high x 7 stands. This for grain refining.

mill has a production capacity of 3.3 m tpy.
As a result, line pipe steel grades up to X70

The development of line pipe steels at Pohang strength level are commercially produced. Not

works was initiated in 1975 and progressed only NbV microalloyed line pipe grades with

under steps as follows (28): ferrite + pearlite microstructure (plus Ti
treatment) have been developed. Investigations

have been made also on acicular ferrite grades
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of which first results were published in 1984 increase during the seventies. Since 1979 steel
(29). Exports of line pipe steel by POSCO have production has stabilized at the level of 7 m
already started. tpy which is about the quantity absorbed by the

local market (32). Steel production capacity
It can be expected that POSCO will experience is 9.16 m tpy (33). Large tonnage steelmaking
further progresses in the area of line pipe is concentrated in three steel companies -
steels. Modern and sophisticated equipments are Altos Hornos de Mexico SA - AHMSA; HYLSA SA and
available and by November this year on-line Siderurgica Lazaro Cardenas - Las Truchas SA,
accelerated cooling is to start operation in SICARTSA with production capacities of 3.2;
number 2 plate mill (28). In addition, very 1.85 and 1.25 m tpy, respectively.
modern research and development facilities with
well qualifyed metallurgists are available to Production of HSLA line pipe steels is
support new products development. The research concentrated at AHMSA wherc the X42 and X52
and development centre (Research Insitutte of grades were initially produced between 1963-
Industrial Science and Technology - RIST), with 1965 (34). At that time the API grades were
about 400 employees, has, among other semi-killed C-Mn steels. In 1968/1969 the first
facilities, modern electronic microscopes and microalloyed steels were produced, using
powerful pilot rolling mills, one of them with either vanadium or niobium, depending on
a pilot unit for simulation of accelerated product thickness (X52 - t > 12.5 mm = vanadium
cooling of plates, strengthened; t < 12.5 mm = microalloyed with

niobium).
TAIWAN - Taiwan, in sequence to Brazil and
South Korea, is classified as the third The company has produced up to grade X65 under
developing area that has become a major steel maximum thickness and of 21mm and 3050mm,
exporter and have a dominant steel export power respectively. The API '1p to \rade X65
for the rest of the century (25). Steel are also produced in t 'ot o mi "or ERW
production in Taiwan has been increasing since pipes( 1473 mm max ' ). ypic :+-nical
1977, as shown in figure 4, specially due to compositions and meL :al properties oi line
expansions in its most important company China pipe steels produced AHMSA are shown in
Steel Corportation - CSC. CSC started table V (35). In that table it is noticed that
operation not long ago, 1977, with a production HIC resistant steels have been developed also.
capacity of about 1.5 m tpy. In a second stage Hot metal treatment and CaSi injection
the production capacity of the plant was technology (wire feed) are available in the
increased to 3.25 m tpy and in April this year plant for production of clean steels with
the third expansion stage is to be completed, sulphide shape control. AHMSA 2 stands plate
lifting CSC installed capacity to 5.65 m tpy. A mill and the hot strip mill can produce
fourth expansion is planned to increase annually 960,000 t and 1.7 mt, respectively.
installed capacity to 8 m tpy (30). As a The plant has a modernization plan that
natural consequence of the recent expansions includes botton blowing, vacuum degassing and
CSC is a steel works with up to date upgrading of the hot strip mill. The
technology in steelmaking and processing, rehabilitation of the hot strip mill will not
capable of developing high quality line pipe expand production capacity and is to be
steels. The plant is 100% operated by completed in 1990 (36).
continuous casting. Hot metal treatment,
combined blowing, vacuum degassing, ladle A major impact on the line pipe steels product
injection technology, high quality area will certainly occur when SICARTSA II
metallurgical expertise and excellent research project is concluded. That project includes
facilities are available. The plate mill has a installation of a new 1.5 m tpy plate mill.
production capacity of 400,000 tpy and the hot However, delays have been occurring and there
strip mill has been modernized to produce 3.7 m is a chance that the plate mill will not be
tpy.Concentration on the development of line operating in the next few years (37). A new
pipe steels in CSC has occurred during the last pipe mill (Productora Mexicana de Tuberia SA -
five years and has aleady reached the X70 Protumsa) for the production of large diamenter
grade. The subject, however, is not discussed pipe - OD up to 48 in - with production
further in this session as it is to be capacity of 300,000 tpy has already been in
presented in detail in S.C. Wang et. a]., operation in the SICARTSA area for about two
technical contribution to this conference (31). years (38).

MEXICO - Mexico, as an oil producing country, Mexico has become an exporting country of HSLA
is a regular consumer of HSLA line pipe steels line pipe steels and recently was supplying to
from both local supply and imports. The the Loma de la Lata - Buenos Aires X60 gas
evolution of Mexican steel production is shown line in Argentina. That line comprises pipes
in figure 4 where it is seen a significant of 24, 30 and 36 in OD. Steel plates were
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TABLE IV - PROCESSING CONDITION AND MECHANICAL PROPERTIES OF SPECIAL GRADE API STEEL

0.05C 1.66Mn 0.005S 0.022Ti O.1ONb 0.31Cr

ROLLING CONDITION MECHANICAL PROPERTIES

CHARPY TEST

FINISH TEMP. Rp Rm A DWTT
REDUCTION C (MPa) (MPa) (%) CVN 20 C FATT 85% FATT

(50.8mm) (J) (C) (C)

2.8t 900 C 780 455 550 48 221 ND ND

2.9t-910 C 800 464 540 50 240 - -80 -46

2.9t,800 C 740 474 560 46 255 -80 -46

4.3t-810 C 730 490 571 41 217 - -80 -55

NOTES: t = 16.5 mm

REHEATING TEMPERATURE = 1180 C

TABLE V - TYPICAL CHEMICAL COMPOSITION AND MECHANICAL PROPERTIES OF HSLA STEELS FOR WELDED PIPE

PRODUCED IN MEXICO (AHMSA)

CHEMICAL COMPOSITION (2) MECHANICAL PROPERTIES

STEEL C Mn P S Si Nb V Rp Rm A CVN

(MPa) (MPa) () C J

(1)l

X52HIC 0.08 1.0 0.014 0.005 0.25 0.012 0.045 427 552 38 -15 75

X52 0.15 1.1 0.015 0.015 0.10 0.025 -

X56 0.12 1.3 0.015 0.015 0.20 0.025 -

(1)
X60HIC 0.08 1.0 0.014 0.005 0.25 0.035 0.060 483 586 39 -15 85

X60 0.12 1.2 0.015 0.010 0.20 0.025 0.05

X65 0.12 1.3 0.015 0.010 0.25 0.025 0.05 503 593 35 0 79

NOTE: (1) Ca treated; Cu = 0.30; Ni 0.24; processed in the plate mill only.
Other grades processed in the hot strip mill also.

(2) Al = 0.04
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supplied by AHMSA,(maximum pipe diameter from steels for welded pipe at SOMISA is expected
AHMSA plates is 36 in). API steels have also after the installation of a plate mill which
been exported to Malaysia, China, Colombia and was commissioned by that company.
India.

INDIA - In the last 10 years steel production
VENEZUELA AND ARGENTINA - Venezuela and in India has been situated between 10 and 12 m
Argentina, countries that reached the level of tpy (12.6 m ton in 1987). The local demand for
3.5 mt of raw steel produced in 1985, have steel product, at present about 15 m tpy, is

already started the development of HSLA line expected to increase to 25 m tpy by the end of
pipe steels for SAW pipes. the century (41). Steel Authority of India

Ltd.- SAIL is the largest steel company with a
In Venezuela, Siderurgica del Orinoco - SIDOR production of 7 m tpy of final products in
is the steel company producing HSLA flat eight steel works. SAIL has an expansion plan

products. The plant, with a total raw steel to increase final products output to 15 m tpy
production capacity of 4.8 m tpy, has been and to modernize its steel works (60% of SAIL
developing line pipe steels processed in the steel production is via open hearth process).

hot strip mill. Plates are produced out of the
roughing stands of that mill. Vanadium In addition to being the largest steel company
microalloyed grades up to X60 strength level in India it is in SAIL that development of line
have been produced. In order to improve pipe steels has been concentrated, specially in
toughness properties a program has been its Rourkela Steel Plant RSP where hot metal
initiated to produce API steels microalloyed treatment, secondary refining under vacuum and
with niobium. Due to the use of direct a modernized (1980) hot strip mill are

reduction product as raw material in available (42-43). RSP also has plants for ERW
steelmaking (electric arc furnaces) production (1960) and spiral welded (1976) pipe
of clean steels is not a di ficult task at production.
SIDOR. Sulphide shape control is carryed out
through calcium treatment by wire injection in Development of X60 grade and trial for the
the argon stirring stations, production of X70 dates to the early eighties

and were published by RSP in 1984 and in 1986
In Argentina, production of steel for welded (42-43). The two grades X60 and X70 are NbV and

API grades is by Sociedad Mixta Siderurgia NbMo microalloyed, respectively. Sulphide
Argentina - SOMISA, which has a raw steel shape control is done by misch metal additions

production capacity of 4.6 m tpy. SOMISA in the ingot mould. Typical chemical

started production of microalloyed steels in composition and mechanical properties for X60
1974. In the late seventies production of API grade are shown in table VII.
X52 started, for products with thickness

between 4.75 mm and 9.5 mm, processed in the The X60 grade developed by RSP already found

hot strip mill (SOMISA is not equipped with a commercial application in the local market. RSP
plate mill yet) (39). The initial production supplied 22000 ton of that steel to the Gas
of API grades was microalloyed with titanium Authority of India Ltd after being successful
and as the company succeeded in developing low in a competition with several international

sulphur steels there was a move to niobium suppliers (43).

microalloying. Although with power limitation

in the hot strip mill the company has developed The Tata Iron and Steel Co has also been
up to X60 grade in thickness up to 9.50 mm . working in the area of microalloyed steels.
The rolling mill has 4 roughing and 6 finishing With the operation of a new melting shop

stands. Maximum product thickness and width are equipped with secondary refining which allows
12.7 mm and 1506 mm, respectively. The chemical production of low sulphur steels that company

compositions for the range of thicknesses will certainly start the production of high

produced are shown in table VI (40). At strength line pipe steels (44).
presentlow sulphur steels contain about

0.005%S. Hot metal treatment is available and ALGERIA AND INDONESIA - Algeria and Indonesia
Ca injection is being installed. Several do not produce large quantities of steel but

measures in the plant have been or are being have started to develop HSLA steels, processed
taken to improve product quality and those in the hot strip mill, for welded pipe.
include quality of refractories used, change in
type of nozzles used in the continuous casting In Algeria, Societe Nationale de Siderurgie -
plant, system to avoid contamination of the El Hadjar steel works has a production capacity

heat with slag, insulations in the HSM, of 2.2 m tpy. Plant facilities include both

automation for the cooling system and BOF and Electric Arc Steelmaking, continuous
diferential coiling temperature (40). Further casting and a plant for spiral welded pipe.

significant progress in the development of HSLA Line pipe steel development for spiral pipes
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TABLE VI - API HSLA STEELS FOR WELDED PIPE PRODUCED BY SOMISA

Al
GRADE THICKNESS C Mn P(max) S(max) Si (max) Nb

(1) 4.75 - 5.50 0.07 - 0.11 0.45 - 0.75 0.025 0.015 0.15 - 0.30 0.02 0.02 - 0.04
X52 5.51 - 6.35 0.08 - 0.13 0.60 - 0.90 0.025 0.015 0.15 - 0.30 0.03 0.02 - 0.04

4.75 - 6.35 0.10 - 0.15 0.60 - 0.90 0.025 0.015 0.15 - 0.30 0.03 0.02 - 0.04
6.35 0.06 - 0.10 0.90 - 1.10 0.025 0.015 0.15 - 0.30 0.045 0.02 - 0.04

(2) 6.36 - 9.50 0.12 - 0.16 0.90 - 1.15 0.025 0.015 0.15 - 0.35 0.02 0.025 - 0.045
X52 12.50 0.12 - 0.16 0.95 - 1.20 0.025 0.015 0.15 - 0.35 0.02 0.03 - 0.05

(3) 0.02/
X60 7.90 - 9.50 0.08 - 0.11 1.15 - 1.35 0.020 0.010 0.20 - 0.35 0.05 0.03 - 0.05

NOTES: 1. Min. Tensile Strength 455 MPa

2. Min. Tensile Strength 495 MPa
3. X60/X65; Ti = 0.02 - 0.04

TABLE VII - CHEMICAL COMPOSITION AND AVERAGE MECHANICAL PROPERTIES OF GRADE X60 DEVELOPED AT

ROURKELA STEEL PLANT

CHEMICAL COMPOSITION MECHANICAL PROPERTIES (t = 9.5mm)

C Mn Si Nb(1) V(1) Al Rp Rm A C V N 0 C

(MPa) (MPa) (%) (J)(transverse)

0.06 1.15 0.30 0.03 0.05 0.025 539 608 35 100

0.10 1.30 0.40 0.05 0.08 0.040

NOTE: (1) Nb + V ! 0.10%

has reached grade X60 and trials for the development of API grades at Krakatau steel can
development of X70 have been made. be expected in the near future.

P.T. Krakatau Steel in Indonesia, 1.5 m tpy CHINA - China already produces some quantities
production capacity by electric arc steelmaking of HSLA API steels for welded pipes and the
and continuous casting, put in operation, country will certainly become a regular
beginning of 1984, a modern I m tpy hot strip producer of high grade API steels in the
mill. In that same year production of API future.
steels started and at the end of that year the
company was producing Nb microalloyed X56 grade Steel production in China has been continuously
to meet an order of 5600 t, product thickness increasing. The country has become the fourth
of 14.3 mm. Most of the production of API HSLA world major steel producer and in 1987 raw
steel at Krakatau steel has been X52 grade for steel production reached 55.3 m ton. There are
ERW pipe (45). Further progress on the plans to reach 80 m tpy by the end of the

century (46).
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Not only steel production is increasing but CONCLUSION
also steel mills are being modernized aiming at
increasing productivity and upgrading the The world is experiencing changes in the
product mix. In China there are 14 steel geography of steelmaking and those changes are
companies with production capacity above I m starting to affect the geography of production
tpy. The largest is Anshan Iron and Steel Co. of API steels for SAW pipes too.

with a production capacity of 7.2 m tpy. Anshan
produces large quantities of HSLA steels but A group of developing countries has reached a
has not concentrated on the API grades for SAW stage in its steel industry where production
pipe yet due to plant facilities available at of traditional high grade line pipe steels has
present. The company however is to expand to 10 become one more item in the normal product mix
m tpy by the early 1990s and to 15 m tpy by the of the steel mills. The sophisticated grades,
end of century (47). In the expansion plan it such as very low carbon bainitic grades, have
is included new steelmaking facilities and their production still limited to the
installation of a plate mill which is to start traditional producers, but possibly not for a
up in 1991 (48-49). Anshan steel works has a long time from now.
good R and D infrastructure and has been doing
several developmeaL in the area of HSLA There are also potential new comers that will
Steels. Recently, Prof. Y. Cao - an expert from certainly spread even more the production of
Anshan, published a review paper on the subject high grade API steels in a not too distant
which includes processing of line pipe steels future.

(50). Thus, when the equipment is available
Anshan will certainly become a strong producer Line pipe stels have long been the locomotive
of microalloyed steel for SAW pipes. for the understanting and development of the

metallurgy of microalloyed steels. Thus, it is
Second in size is Wuhan Iron and Steel Co - a natural consequence that as microalloying
WISCO with a production capacity of 4 m tpy. becomes international, and as the adequate
WISCO has a modern 1700 mm hot strip mill and equipment is available, production of line pipe
its melting facilities include hot metal steels becomes international too.
treatment, combined blowing, vacuum degassing
(51) and sulphide shape control. WISCO has REFERENCES
developed API steels processed in the hot strip
mill. WISCO is to expand its production to 7 m (1) Stuart, H; Heisterkamp,F. Tendencias En El
tpy. Uso de Ferroniobio En La Siderurgia Mundial.

in: r-r-aleacioncs 82. Proceedings, Santiago,
Baoshan Iron and Steel Works is a modern 3 m ILAFA, 1982.
tpy steel company that started operation in
1985 producing semi-products. Construction of (2) Gray, J. M. and Ko, T. Conference Summary
phase II is underway and a new 4.2 m tpy hot and Closing Remarks. In: HSLA Steels -
strip mill will start operation in the near Metallurgy and Applications. Proceedings, ASM
future. International, 1986.

Shoudu Iron and Steel works, locatd in Beijing, (3) Estadisticas de Produccion Siderurgica de
is an efficient steel works - 2 m tpy with- its America Latina. Siderurgia Latinoamericana -
product mix concentrated on long products. ILAFA, 331, Nov. 1987.
However, tne company has commissioned a heavy
plate mill from the spanish steel company (4) World 1987 Cutput Second Highest Ever.
Ensidesa (52). The plaLe mill is expeced to Metal Bulletin no. 7255, 28 Jan. 1988.
start operation in Shoudu in 1989.

(5) Soares, R.Co. The Present Stage of the
The above are just a few examples that indicate Technical Capability of the Brazilian Iron and
that China can and certainly will reach a Steel Industry and Perspectives for Future
position of significant producer of high grade Developments. Mexalurgia International, 1 (1)
microalloyed steels, including API steels for October 1987.
SAW pipes. In addition to the investments which

are being made on expansion, modernization and (6) Anuario Estatistico da Industria Siderur-
new facilities the importance of HSLA steels gica Brasileira. Rio de Janeiro, IBS, 1975;
is well assimilated by the technical community. 1983 - 1987.
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INDUCTION BENDING OF HIGH STRENGTH
LINE PIPE FOR SEVERE
SERVICE APPLICATION

Charles H. Moore
Associated Piping & Engineering Company

Clearfield, Utah, USA

Abstract solutions. However, excessive temperatures in
the austenite phase can result in degradation ofInduction bending has progressed considerably mechanical properties in high-strength,

since its inception, allowing for succession to microalloyed, line pipe steels except when
a more sophisticated method for manufacturing properly designed for such thermal cycles. And
elbows. With a key aspect of the process being if a post-bend tempering treatment is applied to
the finite, hot-deformation band, derived for obtain properties in the bends, it inevitably
dimensional control and aesthetic formability, leads to degradation of low-temperature
it has also been refined and developed as a toughness in the as-deposited, longitudinal
metallurgical tool for developing superior seam, as found in the straight pertion of the
microstructure and mechanical properties. bend.

Additionally, the need for dimensional The fundamental considerations relating to
improvements has been recognized. For pipe induction bending and bendability are presented
bends with large diameter-to-wall ratios and along with results from evaluations on induction
small radii, bending forces can produce an bends. It is shown that dimensional and
ovality or flattening in excess of 2 1/2 per metallurgical balances can be obtained while
cent, typically unacceptable for pigging focusing on typical pipeline requirements for
applications. In extreme cases, wrinkling of high-strength, severe service application.
the intrados will occur. Avoiding productivity
losses, an increase in wall thickness, which
effectively stiffens the section, and an
increase in bending temperature, which allows PAPID INDUCEMENT TO AUSTENITE in microalloyed,
for improved material flow, have been used as carbon-steel pipes during induction bending

Newfal AxiL6 Pushn

(h<i outwvAd) Pe

CLAMP Heat Band (beiid-n g )
(fotlows p4ezcucbedadit) 4 Cenne-fine

Bqdngz Racus

Tang n~t

FiguAe I. Schematic o6 the induction bending process.
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provides the opportunity for studying the short-
term kinetics of this transformation and its
interaction with solute elements and compounds,

and the affect on decomposition products and

properties. Since the thermomechanical (TM) Z AC 3
cycles are intentionally varied between
quadrants to improve steel flow according to AcA 3
formir requirements, attention must be given to

the compositions, manufacturing histories, I
process controls, and hence final

microstructures of the parent and weld metals.
Accordingly, productivity improvements can be 1
implemented from the research, deleting energy- T &-w
consuming and costly post-bend treatments such
as normalizing or quenching plus tempering.

INDUCTION BENDING Figue 3. nduCtLo0n beidig thcurnai cycfe

6oL high-stivi'gth 6cvec cc' b( ds:

Inducing a rather narrow, hot, annular band aaustCkit:-!d U,5 thac I mlutc'.
in the pipe restricts the yielding to this
location during bending, which assists in
restraining roundness by confining the volume of

material that is forced to pivot. The allegory

has often been the simple bending of a soda
straw on a small radius: the bent portion will yield strengths, reducing bending moment. There
flatten severely at the intrados and extrados, is little demand for strain in the neutral axis,
primarily due to the failure to limit the width which is customarily considered to be at the top
of the annular deformation band to about the and bottom quadrants.
thickness of the wall. These upsets, which are ultimately

Regarding Figure I, the front tangent is triaxial, occur in the austenite phase at a
clamped to follow the bending radius as the pipe constant rate, subsequently fixed by the annular
is pushed from the rear. Application of the water-spray delivered by the induction coil.
pushing force, which develops a bending moment, This thermal cycle is represented in Figure 3.
also causes a slight compressing of the overall
length being bent and an outward shift of the SEVERE SERVICE CRITERIA
neutral axis, whirlh helps reduce thinning at the
extrados. Net material flow is at the intrados, With the need to transmit sour hydrocarbons
mostly toward the inside diameter, and is under pressure through hostile environments, it
typically the most significant strain. These is necessary to use parent and weld metals that
are all influenced by the bending radius, which are compatible with the intended installation
affect on various strains is shown in Figure 2. and service conditions. As well as high
Disregarding other consequences, ovaling forces strength and good weldability, the steels must
can be minimized through temperature increases have resistance to one or more forms of hydrogen
at the 'doses as the bending radius is cracking and a notch-ductility that will oppose,
decreased, augmenting flow demand with lower tinder stress, crar initiation or propagation at

the minimum handliag or service temperature,

typically defined as -46'C (-5
0
'F) for arctic

environments.

Recent studies [1, 2, 31 indicate various
controls for negating the affects of hydrogen-
induced cracking (HIC) and sulfide stress

11L \i cracking (SSC), which also incorporates a

9- e xt.iadcs hydrogen damage mechanism.
7. 7 HIC resistance is possible by minimizing

hydrogen ion entry to the steel matrix througl

Rad~ae, the use of a protective film: for a pH greater
S3 4 nt'rado, than 5, additions of copper, nickel or chromium

will suppress hydrogen penetration when the film

is properly formed and maintained. Resistance
20' 40 60is also possible by limiting the quantity of0 20 40 60
Strt n%) hydrogen ion traps, as well as optimizing their

shape (spherical) and distribution, to minimize

localized stress from H2 formation. It is
Fguu£ 2. Infuence o6 the bending radius6, therefore significant to have fewer sulfide
( •xpie a. IDuen o) sig bencant 6tadL . inclusions by controlling sulphur to less than

£ daS R/V, Co tac i0fttc{Cft 6 6 .005 to .003 per cent, to employ inclusion shape

124



/

control in rolled plates by the use of even As-Beut

lower sulphur content or the use of calcium or
rare-earth metal additions, and to have low
levels of manganese segregation and segregated
(banded) structures.

It is also important to confine hydrogen
traps when lowering sensitivity to SSC; yet
susceptibility also involves other parameters
such as applied stress, hardness (per cent
carbon and/or microstructure) and H2 S
concentration. For good resistance to SSC,
high-strength pipe steels require low
phosphorous, low volume fractions of nonmetallic
inclusions, and of a spherical shape to reduce
local stress intensity, and hardness less than
about 248 HVI0 (237 HB equivalent).

Notch-ductility is typically improved when
the morphology of the microstructure is enhanced 1b) Benit 9 Tcmpeicd
to resist HIC and SSC. It is also important
that the as-manufactured microstructure be a
result of fine grain practice and of a low Figuru 4. Wiuztaticn cf two thc'Lmat
carbon level, allowing transformation to more t~eatmects ,'i s'cvcv t'v (C {?dactt.fl
ductile constituents. This philosophy, which beids.
reduces hardenability and hence strength, is
adequately compensated by microalloying the C-Mn
steels that are rolled into plate for use in
high strength line pipe.

Although these design criterid generally Most line pipe is designed for direct
apply to the longitudinal weld seam too, installation in the field, satisfying
microalloying may not be sufficient or may be engineering criteria in the as-manufactured
injurious, depending on the subsequent heat condition. Nevertheless, this can preclude
treatment: re-austenitization followed by metallurgical adaptability to the thermal cycles
accelerated cooling, as employed during the utilized for induction bends, particularly notch
induction bending of these steels; and tempering ductility for severe environments. Several
as needed, which can result in excessive thermal treatments likely to be encountered in a
precipitation of carbides or carbonitrides from finished bend are shown in Figure 4.
the weld seam in the tangent (straight) portion The peculiar TM cycles chosen for a bend
of the bend, often resulting in a severe loss of are themselves a function of the service
low-temperature notch-ductility. criteria, the chemistries of the pipe, the TM

history of the parent steel and the thermal
BENDABILITY history of the weld seam, the difficulty in bend

geometry, and post-bend tempering, if necessary.
It is essential that both the parent steel Post-bend tempering may be applied for the

and weld seam of the pipe to be induction bent .rtro-o- of adjusting roundness, hardness,
have good bendability; that is, that each be strength or toughness ii, fhe bend. It Maye,
compatible with intended bending and/or post- be used for the adjustment of a property in the
bending treatments, applied in view of size and tangent portion of the bend, which in most cases
metallurgical design, for producing the desired would be the toughness of the weld seam, to be
dimensional and metallurgical responses. High- discussed later. The difficulty of the geometry
strength steel pipe, whether nonexpanded or can be expressed as:
expanded, is typically received in the following Diff = (D/w)/(R/D) = D1/wR
conditions: where D = pipe bend outside diameter,

w = pipe bend wall thickness, and
parent (wrought): (a) control rolled (CR), or R = center-line radius applied in

(b) CR + accelerated cooled bending,
(AC); which is also shown graphically in Figure 5.

weld (cast): (a) as-deposited x submerged Bends with Diff = 15 to 20 require starting pipe
arc (SAW) employing with a design capable of responding to the more
consumableq of peculiar demanding TM cycles.
chemistries, or PARENT - This wrought steel should have low

(b) fusing of parent x to very low carbon to adequately depress the
electric resistance (ERW) hardness and the impact transition temperature,
without consumables, and broaden the range for preferred austenite
followed by re- decomposition products. Lower carbon typically
austenitizing and necessitates an increase in manganese and
cooling, various microalloying additions to ensure
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adequate strength throughout the wall thickness.
Additions of aluminum, niobium and titanium

produce fine austenite grains upon reheating,
with subsequent recrystallization and growth

Al--ll-----------inhibited by these elements during forming

[4, 5]. Control of the austenite grain
o 10 ......I I -- - - structure is lost when these comDounds

I I Y dissolve, thereby allowing rapid grain
coarsening. Dissolution, primarily
a function of temperature and carbonitride

Z Iprecipitate composition, will affect

- :1decomposition products and degrade properties
5 -according to the quantity and size of theII I ; 1I 0 111coarsened grains, exemplified in Figure 6.

The composition of the wrought steel may be
Lpartially described by its carbon equivalent,

Ceq = C + Mn/6 + (Cr + Mo + V)/5 + (Ni + Cu)!15,
which helps quantify the adequacy of the steel

0 50 100 150 200 in producing the desired mechanical properties.
Figure 7 shows such a relationship [6), which

DVamte : Wa thickiz?55, V/w may be adjusted by factors such as elements not

so described, inclusion morphology, austenite
conditioning or cooling rate.

Fqckte 5. cCa1tve dc &kuty 6o onduction WELD - The primary concern in the weld seam
bcodotg, as a 6unctic c-6 tt gccmcty: is its response to one or more types of heat
A =saf, B dff mcet, and C questckzab . treatments in developing satisfactory, low-

temperature toughness. By retarding
transformation from low-carbon, fine-grain
austenite to a microstructure of acicular
ferrite, bainite or even martensite, adequate
toughness can be available, even after

r _tempering. Such transformation may be
suppressed by optimizing oxygen, Ceq and cooling
rate for each thermal cycle applied to the seam

~ -n 171.
Figure 8 shows an example of the affects on

toughness, in a low-carbon deposited weld, of
various heat treat conditions used for induction
bends when alloyed with nickel and deposited
with fluxes having different oxygen potentials.
These data suggest that when post-bend tempering
is planned, an optimum Ni-O composition will
assist in producing severe service toughness
while meeting the one per cent nickel maximum
also required by NACE Standard MR-O-75 [8].
The resultant microstructures will respond
favorably to tempering: acicular ferrite and
bainite as-deposited and martensite as-bent
(accelerated cooled), which help offset the
deleterious effects of carbide and carbonitride

Si-mn 4e cnc precipitates coincident with tempering [9, In,
11, 121.

For bends suitable for supply without
tempering, transformation to martensite would he
inappropriate, which has led to the development

Acotc3 of very-low carbon steels with less orthodoxw'.'aM a Cd microalloying philosophies.w~th '.t ('; T(

I -- -RESULTS
Ac I  Ac 3

Bnd ng Tempe t uie In the wake of much research, Figure 9
shows quantitative results of an intentional

Figuke 6. The effect o6 induction bencdng balance between parent steel and weld seam for

tempeAatuAe on ,evekaf popeitie6 o induction bends of difficult geometry for high-
strength, severe service applications. Thesemwcoaffoyed pipe 6teets. 610 mm OD x 12.7 mm NW x 3D radius x 90' arc,
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448 MPa (24" OD x .500" NW x 3D x 90', X65) concentration, were also very low in sulphur and
bends, with Diff = 16, were formed from phosphorous, yet notably gained a good portion
straight-seam DSAW, cold expanded pipe. of carbide formers by dilution from the parent.

The parent steel was aluminum deoxidized The double seam annotated DSAW I was used with
and calcium treated, with sulphur = .001 to the parent steel shown, and had a different
.002 per cent and phosphorous = .012 per cent, nickel content for each pass. The other seam,
and then continuous cast and control rolled. DSAW 2, was used with an otherwise equivalent
The welds, deposited while submerged under a parent steel that was alloyed with 1/4 per cent
highly basic flux to control the oxygen copper plus 1/8 per cent nickel for improved HIC

resistance and .07 per cent vanadium in place of
molybdenum (both carbide formers). Note the
compatibility of both weld seams for the thermal
cycles employed, irregardless of precipitates

coincident with tempering that would otherwise

oxyg PWHT endanger toughness.

(ppm) ki-tcmpe.ed QT Careful process controls were employed to
balance the high temperatures necessary for

150 0 acceptable roundness and acceptable
250 metallurgical [roperties, such as parent

250 toughness at the extrados. One can imagine the
contrnl "window" upon careful study of the

200 a figure, noting the intrados supported a higher
A temperature where material flow was in greatest
A 150 demand. Ovality and flattening were 3.1 per

'Z \ / 0 cent and 1.8 per cent maximums, respectively,
X and 2.1 per cent and 1.0 per cent maximums when

10a applying mechanical constraint.

50 I
V CONCLUSION

0 With cooperation between the manufacturers
0 1 2 3 of the plate, the welding consumables, the pipe

W cn weld, % and the induction bends, it is possible to make
bendable linepipe for forming elbows for high-

Figuv 8. Effect o6 oxygen content (in PWHT weld strength, severe service: acceptable

me~taXf toupghne66 6o4' hi3 h Ni depo,66. A~tvt dimensional and metallurgical properties from

C4 t and tpe [9]. demanding TM cycles.
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EXPERIENCES WITH STRUCTURAL STEELS
IN THE OFFSHORE INDUSTRY

Mamdouh M. Salama, Marvin L. Peterson, William H. Thomason
Conoco Inc.

Ponca City, Oklahoma, USA

ABSTRACT to see much lighter jackets, with as much as
25 percent reduction in the weight of the

In general, the offshore petroleum industry has structural steel, as compared to similar designs
had good experience with structural steels, of a few years ago(2). The combination of
This can be attributed to the conscious coopera- structural optimization, weight reduction,
tion between domestic international steel increased water depth, and the operation in
suppliers and those involved in offshore design, harsher environments made offshore operators
fabrication, certification and operation. This more conscious of the need for large quantities
involvement of all interested parties has of structural steels with improved quality,
resulted in major advances in the steel making strength, toughness and weldability. Responding
process and the introduction of new technology to this need, major steelmakers invested heavily
steels that meet the demand for higher strength, in new plants and facilities to modify the
good through thickness (Z-direction) properties, process toute. This resulted is several major
higher toughness, and improved weldability. changes in the steelmaking processes which
This paper reviews offshore industry experiences included the close control of the blast furnace
highlighting successes and discussing the cause to the supply of desulfurized iron, the wide
and the effect of the few problems on the steel spread use of continuous casting of thick slab
technology. The paper will also provide some for rolling to plate, the introduction of vacuum
insight on the current concerns of the offshore arc degassing, vacuum degassing, argon stirring
industry with structural steels as it moves to and injection techniques, and the almost exclu-
develop offshore facilities in deepwater and sive use of basic oxygen steelmaking (3). In
arctic conditions. addition, extensive research and development

programs were initiated by some steel and
operating companies which resulted in the major

improvement of conventional steels and the
OVER THE LAST TWO DECADES, technology employed commercial application of new steels such as
by the offshore petroleum industry has seen controlled rolled accelerated cooled, and low
dramatic changes to allow exploration and alloy quench and tempered (Q&T) steels.
production in environments that were considered Advances in offshore structural steels are
prohibitive twenty years ago. This technology intended to achieve higher strength, increased
development which has revolutionized the off- toughness, improved weldability, and resistance
shore petroleum activities is the result of a to lamellar tearing. This is in addition to
conscious cooperation between all those involved improved fatigue and corrosion resistance. In
in offshore exploration and development. Fig- order to achieve these goals it was important to
ure I provides a historical and projected water reduce impirities such as sulphur, nitrogen and
depth for offshore exploration and production phosphorous in the steelmaking process of
activities(i). This exponential increase in conventional steels. A major challenge was,
water depth was a major motive for the offshore however, to also reduce the carbon content, the
industry to develop new concepts such as Tension carbon equivalent, and the alloy content to
Leg Platforms and to strive to reduce the weight improve the weldability while maintaining
of both these new concepts and the conventional strength. The development of the controlled
fixed jackets. The weight reduction of conven- rolled accelerated cooled steels was one of the
tional offshore structures was achieved by steel industry's answers to this challenge.
eliminating uncertainties and reducing conserva- This paper reviews offshore industry
tism. It is, therefore, not surprising nowadays experiences highlighting the successes and
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discussing the cause and the effect of the few ventional structural steel standards such as
problems on the steel technology. The paper ASTM did not generally address properties such
will also provide some insight on the current as weldability, lamellar tear, laminations, and
concerns of the offshore industry with struc- toughness. As a result, during the late 1960s
tural steels as it moves to develop offshore several operators began to develop their own
facilities in deepwater and arctic conditions, steel specifications for the purpose of obtain-

ing better quality steels.
STEEL SELECTION FOR OFFSHORE STRUCTURES As in the case with the steel suppliers

who, under the continuous demand from offshore
Alchough the offshore industry has had good operators for better quality steel, made a

experience with structural steel, failures have conscious effort to make major advances in
been rep'-rted on drilling and production struc- steelmaking; the standards writing and certify-
tures that were build in the 1950s and 60s ing authorities were engaged in preparing new
(4,5,6). Early structures were fabricated from standards. The effort to write custom made
API 5L B pipe or conventional structural steels specifications for the offshore industry was
such as ASTM A7 and ASTM A36. Failure analysis started in 1967-68 by the American Petroleum
studies on several salvaged structures have Institute (API). This effort was followed by
shown that low notch toughness, laminations in government sponsored efforts in countries across
the steel, lamellar tearing and poor weldability the Atlantic such as the UK and Norway. The
were major contributors to the failures, success of these extensive specification writing
Figures 2 and 3 illustrate some of these prob- efforts required the commitment and cooperation
lems. In order to avoid these problems in of offshore operators, steel suppliers, and
future structures, the offshore industry and governmental agencies.
major steel companies initiated extensive The API effort to develop steel plate and
research programs to develop and qualify high other specifications for offshore tubular
quality structural steels. These developments structural applications took advantage of
included the reducing of sulfur to levels below specifications that were developed in the early
0.01 weight percent, reducing carbon content, 1970s by several oil companies. These speci-
increasing manganese, reducing carbon equiva- fications were used by API as a basis for
lent, understanding the interaction between developing the first API Specification 2H, which
chemical compositions, reducing of impurities was issued in January 1974. Later editions
and nonmetallic inclusions, controlling grain included specific requirements for notch tough-
size by using low temperature rolling, using ness, and supplemental requirements for notch
selected microalloying elements, etc. toughness at lower temperature, lower nitrogen,

The types of structural steels used by the ultrasonic testing to identify laminations,
offshore industry includes: killed fine grain Z-direction testing, individual plate testing,
normalized, controlled rolled, quench and low sulphur, and preproduction qualification.
tempered, controlled rolled and accelerated The fifth edition of API 2H was approved in 1987
cooled (referred to as TMCP), and precipitation and issued in the summer of 1988.
hardened steels. The newer steels differ in API's approach to standards is based on the
their approach to achieve high toughness and use of specifications, recommended practice (RP)
improve weldability while maintaining the documents and bulletins. Specifications are
strength. Table I provides a summary of the used to identify a product, e.g. steel plate,
primary strengthening mechanisms for various while an RP is used to identify a method or
steel types. Figure 4 illustrates the effect of practice such as RP 2X--Recommended Practice for
different strengthening mechanisms on the Ultrasonic Examination of Offshore Structural
fracture toughness of steel. Figure 5 gives the Fabrication. Bulletins are used to convey
general relationship between the yield strength technical or other information on a particular
and the weldability, as measured by the carbon subject. The need to prepare such documents
equivalent, of the different steels. Conven- starts with the identification of an available
tional steels refer to normalized, controlled technology being used by some of the major
rolled and quench and tempered steels. The operators. Then the appropriate API committee
TMCP, precipitation hardened, and new lean alloy forms a task group to develop the necessary
quenched and tempered steels are considered new information and prepare an acceptable draft
technology steels, document. This document with all supporting

informaLion is presented to the appropriate
INDUSTRY STANDARDS FOR OFFSHORE STRUCTURAL STEEL subcommittee, ind if accepted will be voted bv

letter ballot by all voting members. Generally,
During the mid-1960s, several in-service all 'negative' ballots are resolved before the

and structural fabrication problems that were document is printed. Therefore, the API stan-
attributed to inadequate, undefined, or incon- dards reflect the consensus of the industry
sistent steel properties were encountered by which in the case of structural steel specifica-
several of the major U.S. Gulf of Mexico opera- tions includes offshore operators, fabricators,
tors. These problems illustrated that the and steel companies. Specifications such as
common (ASTM) structural steels produced by API 2H, 2W and 2Y are currently available. The
domestic mills often did not meet the design/ API 2W In a new specification which addresses
service need for the offshore industry. Con- the new (TMCP) steels.
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USERS' PHILOSOPHY ON STEEL SPECIFICATIONS ities, and that within the last decade major

improvements in steel weldability, toughness and
Traditionally, for large offshore projects lamellar tear resistance were achieved through

the operator will most likely purchase the steel dramatic reduction in elements such as sulphur
and free issue it to the fabricator. This steel and carbon. In several cases, by the time the
is purchased based on steel specifications that specification was ready for publication it
are developed by the operator. In general, represented an out-dated technology.
there are two basic approaches to developing A major difference between an industry

these specifications. standard and an oil company specification is

One approach is to write a comprehensive, that the company standard will reflect specific
purpose-written specification which includes design, fabrication and operating requirements.
information on the required steelmaking, chem- Therefore, the company specification may include
istry, mechanical properties, weldability data, requirements for higher toughness, good weld-

tolerances, inspection, marking, statistical ability, Z-direction properties, limits on
data reporting and delivery conditions which are impurities and alloying elements, higher fre-

usually tailored for the specific project quency of testing, special mechanical tests, and
requirements. This type of specification is a limits on the minimum and maximum values of both

stand alone document which reflects the opera- yield and tensile strength. Requirements such
tor's philosophy and past experience, and as matching weld metal properties, compensating
includes all relevant parts of the industry for potential deterioration of HAZ properties
accepted standards and recommended practice. when using specific welding process, minimizing

Another approach is to adopt an industry the number of welding procedures and their
standard, which generally represents a minimum qualifications, limiting deterioration due to
performance specification, as a baseline strain aging, and other considerations can only
specification and then add a list of special be reflected in a purpose written specification.

requirements and exceptions to the standard
specification. These requirements, generally, RECENT ADVANCES IN OFFSHORE STRUCTURAL STEEL

include additional limitations on chemical
composition, higher toughness, weldability Most offshore structures have been built
evaluation, reduced tolerances and increased using normalized carbon-manganese steel.

frequency of testing. However, advances in computer control and
Although both approaches have been used and rolling capacity led to the development of a new

both can, in principle, provide acceptable class of steels, namely TMCP (Thermo-Mechanical
materials, the first approach may be necessary Control Process) steels, with higher strength,
and more suitable for purchase of steel for high fracture toughness, improved weldability
critical applications. The stand alone specifi- and lower cost. The TMCP involves both control-
cation is likely to be more consistent because led rolling and controlled (accelerated) cooling

the chance of conflict between the special using either controlled water sprays or direct

requirements and the industry standard can be quenching. Figure 6 provides a schematic
eliminated. Although it may be expected that diagram of the conventional, controlled rolled,
the first approach will result in increased and TMCP processes. The TMCP produces a very
steel cost, actual data show that for large fine grain steel (ASTM 10-12) and, thus,
steel orders no increase in cost has been achieves the desired properties by a combination
observed. of carefully selected chemical composition and

The above argument does not imply that accurate control of the manufacturing process
industry standards are unnecessary but it from slab reheating to postrolling cooling.
reflects the reality that most national stan- TMCP steels are characterized by low carbon
dards provide minimum requirements. Also, they content (usually less than 0.10 weight percent)
are often based on a compromise between the which makes the steel less susceptible to
members of the specification writing committee hardness increase due to high cooling rates
which may be dominated or influenced by full (between 80GC and 500 C) during welding. It

time professional employees of the special is, therefore, expected that TMCP steels can be

interest groups. Most committees are made up of welded with little or no preheat which can

producers, consumers and independents. For result in lower fabrication cost (7).
example, a steel specification committee is Users must realize that TMCP is a "generic"

often made up of producers (steel companies) , term that refers to a family of steels manu-
consumers (oil companies) and independents factured to proprietary processes, procedures,
(usually consultants). Therefore, the standards and chemical compositions. Steel suppliers may
may not reflect the capability of the state-of- refer to TMCP steels using proprietary names
the-art steel mills. It is interesting to such as OLAC (On-Line Accelerated Cooling), MACS
compare the API 2H: 1974 and 1986 specifications (Multipurpose Accelerated Cooling System), CLC,
with the composition of typical offshore struc- DAC, KONTCOOL, etc. Although TMCP steels
tural steels produced in the early 1970s and contain a small amount of alloy additions, the
those produced now. Such a comparison is interactions are quite complex and some of the

provided in Table 2. It is clear from Table 2 information may be considered proprietary. The
that even the 1986 API specification does not formation of particular phases or precipitates
totally reflect current steelmaking capabil- depends not only on the absolute amount of the
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elements but also on the interaction effect with relies upon a higher level of alloy addition and
other elements, the processing variables, and, requires a heat treatment making the cost higher
in some cases, the sequence in process or thar (about twice) microalloyed steels. This
addition of elements. As an example, the ratio issue has been recognized by the Japanese steel
of Ti to N must be carefully controlled to companies who are currently active in combining
promote the desired amount of TiN formation, the technologies of both the TMCP and precipita-
Excess Ti may form TiC, which is detrimental to tion hardened steel to produce high strength
toughness. steel (above 80 ksi yield) at low cost.

When TMCP steel was first introduced two
types of problems were reported (8). The first INDUSTRY CONCERNS
is that residual stresses which remain in the
TMCP steel plate tend to be higher than those in Although the offshore industry has extr-
a conv eitional normalized steel plate. ihere- sive experience with structural steels, there
fore, greater distortions can occur during flame are still several areas where debate on the
cutting and welding. This problem which was optimum steel chemistry and steel making process
rather serious during early stages of the continues within the industry (both steel
developments of TMCP steels has been resolved suppliers and users). It is, sometimes, dif-
through improvements of cooling processes. Some ficult for the users to understand the real
distortions are still experienced when flame cause of the difference of opinion between the
cutting long strips from large steel plate. The steel suppliers. Is it due to variation in
second problem is related to reduction in experience and available data, or due to varia-
strength in some regions of the heat affected tion in available steel making facilities?
zone (HAZ) of weldments. Fot thin plates, this However, the underlying fact is that modern
problem can be accommodated by appropriate structural steel making is becoming a very
selection of welding process and procedures. complex and highly scientific process. Full
For thick plates, above 50 mm thickness, the understanding of all the intricate interactions
problem can be minimized with appropriate is of paramount importance to establish the
microalloying additions, process-variable optimum chemistry and process for high quality
control, and welding processes. This may, steel. The application of stringent quality
however, result in an increase in the steel or control during steel production cannot be
fabrication cost. overemphasized. Recognizing this issue and

TMCP steels have been used successfully for because of several failures, most users specify
a number of major offshore structures and higher frequency of testing for critical appli-
pipeline projects (8). In addition to the use of cations. This may minimize potential problems
TMCP steels for mobile arctic drilling rigs, the but cannot eliminate all of them. Mill quality
first documented successful use of TMCP steel control is the only reliable approach.
for a major offshore structure was for Norsk The steel companies are still debating
Hydro's Oseberg jacket in the North Sea. About which is the best approach to eliminate the risk
65,000 tons of CLC steel were supplied by Nippon of lamellar tearing. Some suggest that the best
Steel Corporation (9). The specified minimum approach is to reduce the sulfur level to below
yield s~rength of the steel varied between 0.008 percent while others argue that a better
355 N/mm for plate thickness equal to or less approach is through the modification of the
than 25 mm, and 310 N/mm for plate thickness sulfide shape. The latter approach relies on
between 75 and 120 mm. Other uses of TMCP the addition of calcium or rare earth metals to
steels for major projects include Conoco's form spheroidal calcium or rare earth sulfides.
Jolliet TLWP and Shell's Bullwinkle jacket which This approach usually results in both the
successfully utilized both normalized and TMCP elimination the risk of lamellar tearing and
steels. Although all published information do improvement of the transverse impact properties
not suggest any problem with TMCP steels, a new (3). Most users prefer the implementation of
user must be careful because of the limited both approaches.
experience and the tendency of most users and In order to improve weldability and reduce
suppliers to only report success stories. This HAZ hardness, carbon contents have been dropped
concern will be discussed later, from a previous range of 0.16 to 0.24 percent to

Another type of steel that has been used by a range of 0.07 to 0.15 percent, and carbon
the US Navy as a substitute to the HY 80 grade equivalents (IIW) are now often below 0.4. In
is a precipitation hardened steel which is order to meet the strength requirement for
similar to ASTM A710. Unlike the traditional normalized steel, the reduction of carbon is
carbon steel, which is strengthened by pearlite compensated for by an increase in solid solution
and, therefore, requires certain level of hardening elements such as manganese, silicon,
carbon, A710 uses copper to form a finely nickel, copper, niobium and vanadium. In
dispersed copper precipitate in conventional addition, stringent control of residual elements
ferrite microstructure. This is a very effec- such as Bi, Sb, Sn, N, As, and P is imposed to
tive strengthening mechanism which allows the eliminate the potential of embrittlement by
carbon content to be reduced to exceptionally grain boundary segregation and deterioration of
low levels which results in improved weld- HAZ toughness. This is the reason that the
ability. A drawback of this steel is that it company purpose written specification specifies
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limits and requests reporting on more elements Figures 8 and 9 show the influence of cooling
than industry standards as illustrated in time between 800 and 500 C, and the peak tem-
Table 2. perature on CVN fracture toughness of both

Another concern to users is segregation normalized and TMCP steels with the chemical
arising from the use of continuous casting, i.e. composition given in table 3. Both steels show
centerline segregation. The extent of segrega- a drop in toughness after being subjected to the
tion depends on composition, ladle superheat, intercritical temperature. Although this
the condition of the continuous casting equip- normalized steel has a relatively very low
ment (roll gap, roll alignment, roll bending, carbon, TMCP steels appear to be more sensitive
roll wear), and slab heating times and tempera- to cooling rate and peak temperature.
tures. The benefits of using electromagnetic As stated above, the presence of LBZs is
stirring to redistribute the centerline segrega- neither a new problem nor limited to TMCP
tion band is being questioned because all that steels. Also r. struct'ral failure has evcr
is done is to spread the potentially harmful been reported due to LBZs. It is, therefore,
zone over a greater portion of the central justifiable to ask: Do LBZs really have any
region. The approach preferred by users is to structural significance to justify this concern?
minimize segregation in the first place by The answer to this question is still being
ensuring the proper condition of the continuous evaluated within the offshore industry and no
casting equipment, and by minimizing the use of consensus has been reached. The view of the
elements known to segregate easily during authors is that the offshore industry should not
solidification. These elements include C, Mn, S ignore 1BZs in structures fabricated from any
and P. Users also specify minimum slab soaking steel.
time and temperature to reduce centerline Unlike normalized steel in which the HAZ
segregation. However, requirements for testing yield strength is usually higher than the base
of centerline properties may be a more effective plate, the HAZ yield strength of TMCP steels
method of control. tends to be lower than the base plate, espe-

With the introduction of ultra clean low cially with higher heat input welding processes.
carbon steels such as TMCP steels, a concern has Since local strain will tend to concentrate in
been developed regarding the susceptibility to the lower strength region, a fatigue crack will
develop local brittle zones (LBZ) in the HAZ. tend to propagate within that region. As a
This is an issue which is being addressed in result, the crack front may sample more LBZs in
several fronts. LBZ refers to areas in the HAZ TMCP steels than it would in normalized steel.
where fracture toughness deterioration is Therefore, extrapolating the industry experience
greatest. The HAZ can be subdivided as shown in with normalized steels to TMCP steels may not be
in Figure 7 based on the peak temperature appropriate. Realizing that CG region will
reached and thermal cycles. It is known that always exist in structural steels, but its size
HAZ areas with reduced fracture toughness due to and properties depends on both the steel and the
welding are: 1) the subcritical HAZ (SCHAZ), welding process, it is necessary to identify
2) the intercritical HAZ (ICHAZ), and 3) the what would be an acceptable size. Most materi-
coarse grain (CG) regions. In most steels LBZ als experts in the offshore industry believe
are associated with the CG regions (10). that LBZs will have a minimal influence on
Evaluation of wide plate tests suggest that toughness if it represents less than 10 percent
fractures are likely to initiate from the CG of the crack front. Recent results by Fairchild
areas where grain size is greater than 80 mi- (13) appears to confirm this number. Figure 10
crons (ASTM 4) (11). The CG regions consist of shows that as long as the percent of the CG
the unaltered CGHIAZ, the IRCC, and the SRCG regions sampled by the crack front of CTOD
(defined in Figure 7). specimens is less than 7 percent, no low tough-

The questions are: ) What is the con- ness values were measured.
nection between the steel chemistry, steel Although the offshore industrv has been
making practice, and the presence of LBZs? using advanced fracture mechanics analysis
2) What is the significance of LBZs to service methods and testing, such as CTOD, J R and
performance? Although the answer is still being wide plate, to assess structural intA'ritg and
debated, most industry experts agree that the establish fracture control requirements, design
presence of LBZs is neither a new problem nor codes still rely on Charpy energy and transition
confined to TMCP steels (10-13). However, the temperature concepts as the main criteria. Use
possibility is greater that the ultraclean low of Charpy criteria is based on experience with
carbon steels such as TMCP steels may exhibit normalized ,teels and their application for new
significantly greater tendencies toward grain technology steels may be inappropriate. Factors
coarsening during welding. It is generally such as strain aging, the slope of the transi-
accepted that LBZ resulting from high heat input tion curve, the relationship between the speci-
welding (>1.5 kJ/mm) are more likely to be fied Charpy transition temperature energy and
detrimental than LBZ from low heat input proces- nil ductility temperature (NDT), etc., must all
ses. Several offshore operators take the be addressed before applying the current code
problem seriously and extensively evaluate the criteria. For example current codes specify 30
HAZ toughness of candidate steels prior to to 40 joules as a measure for the transition
purchase. In response to this need API devel- temperature (TR). This can be valid for
oped the recommended practice API RP 2Z (14). normalizcd steel because the 50 percent shear
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TR, and the NDT are similar to the 35 J TR. process will produce an inferior product at a
However, for TMCP steel the 50 percent shear TR much higher cost.
will correspond to a greater than 150 J TR, and In order to insure that solutions to these
the NDT will correspond to the upper shelf problems are developed, the offshore operators

energy. should continue their research and encourage

Due to geoeconomic restrictions, offshore fabricators, steel manufacturers, and companies
operators may find themselves forced to build involved with welding to concentrate on address-

structures using both normalized and TMCP steels ing these problems.
from various sources. Welding qualifications
become very critical to ensure a low hardness ACKNOWLEDGMENT
for the HAZ of the normalized steel and a
minimum deterioration in strength, toughness, The authors wish to express their thanks to

and grain size for the HAZ or the fMCP steels, the management of Conocu Inc. for permission to
Also, TMCP steels were developed to reduce publish this paper.

fabrication costs by eliminating the need for

preheat. Although, this is true, the cost of REFERENCES
fabrication is also greatly influenced by the
deposition rate which usually requires high heat 1. Salama, M. M., "Lightweight Materials for
input for high deposition rates. The use of Deepwater Offshore Structures", Proc. of
high heat input welding processes, unless very the 18th Annual Offshore Technology Con-
carefully controlled, can be detrimental to TMCP ference, paper OTC 5185, V. 2, 297-304,

steels not specifically designed for high heat (1986).

input welding.

2. Hoenmans, P. J., "Technology the Key to
CONCLUDING REMARKS Living with $15 Oil", Oil & Gas Journal,

V. 7, No. 86, 56, February 15, 1988.
Traditionally, the steel companies placed

their primary emphasis on developing new steels 3. Walker, E. F., "Steel Quality, Weldability
with improved properties, while fabricators were and Toughness", in Steel in Marine Struc-
involved in developing improved fabrication tures, edited by C. Noordhoek and J. de
technology and higher production welding proces- Back, 49-69, Elsevier Science Publishers

ses. Historically, fabricators have not sup- (1987).
ported significant technology development, and

due to business reduction in recent years, they 4. Peterson, M. L., "Evaluation and Selection
have lost valuable expertise in many cases, of Steel for Welded Offshore Drilling and
Realizing that this situation cannot be expected Production Structures", Proc. of Ist Annual
to change for some time to come, it is necessary Offshore Technology Conference, Paper

for steel companies to devote some of their No. OTC 1075, V. 2, 59-64 (1969).

development budget to welding technology to
bring it to a level consistent with the current 5. Carter, R. M., Marshall, P. W., Swanson,

level of steel technology. A select few of the T. M., and Thomas, P. D., "Materials
offshore oil producers actively conduct research Problems in Offshore Platforms", Proc. of

and encourage steel producers, welding consum- 1st Annual Offshore Technology Conference,
able manufactures, and welding equipment manu- Paper No. OTC 1043 (1969).

factures to develop and produce improved

products. In order to fully utilize the proper- 6. Peterson, M. L., "Steel Selection for
ties of new technology steels, additional Offshore Structures", J. of Petroleum

research efforts must be directed toward welding Technology, V. 27, 274-282 (1975).
consumables and welding processes.

Future offshore exploration and development 7. Peterson, N. L. , "TMCP Steels for Offshore
will probably concentrate in deepwater and the Structures", Proc. of 19th Annual Offshore

Arctic. This offers the petroleum industry, the Technology Conference, Paper No. OTC 5552,

fabricators, and the steel companies several V. 4, 21-28 (1987).

challenges. The problem of HAZ toughness when
using high deposition rate welding needs to be 8. Masubuchi, K., and Katoh, K., Uses of

addressed. Steels that can be easily welded Thermo-Mc-hanical Control Process (TMCP)
underwater would be attractive when repair is Steels for Ships and Offshore Structures

necessary. Also, most tendons for deepwater and Welding Considerations", Proc. oi the
TLPs are being designed to be neutrally buoyant 6th International Conference on Offshore
which means that sizes in the order of 45 inches Mechanics and Arctic Engineering, V. 3,
in diameter and 1.5 inch wall thickness are 137-144, (Salama, M. M., et al. editors),
expected. The offshore industry is concerned ASME (1987).

that facilities to produce these size tubulars
in long lengths are quite limited and may not 9. Harneshaug, I. S., Valland, G., Gunder-
currently exist. Methods other than the U-O sen, K., and Roland, M., "HAZ Fracture

136



Toughness in Low Carbon, Controlled Rolled 12. Webster S. E. and E. F. Walker, "The
and Accelerated Cooled Steel Used in North Significance of Local Brittle 

7
c-.n. to the

Sea Offshore Platform Structures", Proc. of Integrity of Large Welded Structures",
the 7th International Conference on Off- ibid, 395-403 (1988).
shore Mechanics and Arctic Engineering,
V. 3, 181-189, (Salama, M. M., et al. 13. Fairchild, D. P., "Fracture-Toughness
editors), ASME (1988). Testing of Weld Heat Affected Zones in

Structural Steel", presented in ASTM
10. Fairchild, D. P., Theisen, J. D., and symposium on Fatigue and Fracture Testing

Royer, C. P., "Philosophy and Technique for of Weldments, April 25, 1988, Nevada, to be
Assessing HAZ Toughness of Structural published in ASTM STP (1988).
Ft-ie7 oricr tc Steel P ductiL", iid,
247-255 (1988). 14. API RP 2Z, "Recommended Practice for

Preproduction Qualification for Steel
11. de Koning, A. C., Harston, J. D., Nayler, Plates for Offshore Structures", ist edi-

K. D., and Ohm, R. K., "Feeling Free tion, May 1, 1987.
Despite LBZ", Proc. of the 7th Inter-
national Conference on Offshore Mechanics 15. API 2H, "Specification for Carbon Manganese
and Arctic Engineering, V. 3, 161-179, Steel Plate for Offshore Platform Tubular
(Salama, M. M., et al. editors), ASME Joints," 5th edition, July 1, 1988.
(1988).

Table 1. Primary Strengthening Mechanisms

for Various Steel Types

Steel Type
Quench

Strengthening C-ntrn!led- and Accelerated- Precipitation-
Mechanism Normalized Rolled Tempered Cnoled Hardened

Reduction in Grain Size x x x x x
Increase in Solid Solution x
Increase in Dislocation Density x x
Formation of Martensite or Bainite x x
Precipitation Hardening X

Table 2. Comparison Between the API Required (Ladle) and Typical
Chemical Composition of Offshore Structural Steel

API-2H (15) Typical-1972 Typical-1986
Element 1974 1986 U.S. Mill Foreign Mill

Carbon 0.18 0.18, max. 0.17 0.15 0.12
Manganese 0.90-1.35 1.15-1.6 1.30 1.34 1.44
Phosphorus 0.04 0.04, max. 0.025 0.015 0.009
Sulfur 0.035 0.02, max. 0.02 0.006 0.001
Silicon 0.15-0.3 0.15-0.40 0.40 0.30 0.38
Columbium NS 0.01-0.05 0.05 0.05 0.20
Aluminum, total NS 0.02-0.05 0.03 0.040 0.035
Nickel NS NR 0.17 0.18
Chromium NS NR 0.08 0.009
Molybdenum NS NR 0.056 0.001
Vanadium NS NR 0.002 0.001
Copper NS NR 0.032 0.1C
As NS NR NR 0.003
Sn NS NR NR 0.001
Sb NS NR NR 0.000

CE, max 0.43 0.41 0.40 0.38
Minimum Yield (ksi) 42 50 42 50 50

NS Not Specified
NR Not Reported

IIW Carbon Equivalent (CE) = C + Mn Cr + Ni+Cu
5 15
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Table 3. The Chemical Composition of
the Investigated Steels

Chemical Chnpositions Wt% (ppT)
C Si n P S Cu Ni Cr Mo V Ti Nb Al N 0 H

Normalized Steel 0.11 0.45 1.32 0.005 0.002 0.21 0.15 0.05 0.02 0.01 0.004 0.017 0.027 0.007 26 <0.5

TlCP Steel (plate) 0.09 0.18 1.49 0.004 0.001 0.12 0.38 0.02 0.01 0.01 0.008 0.011 0.027 0.005 60 1.5

T4EP Steel (pipe) O.U8 O.iu 1.57 0.00: 0.002 0.21 0.25 0.03 0.01 0.01 0.011 0.011 0.001 0.002 23
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S10000-
Exploration Production

Conoco Green
Sw.1000"Canyon

Exxon Lena" Placid Green
09",Cali. Exon ena Canyon 29

Shell Cognac Shell Bullwinkle
Exxon Hondo

100 , I I I I

1960 1970 1980 1990 2000

Year
Fig. 1 - Historical and projected water depth
for exploration and production activities.
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Fig. 2 -Example of brittle fracture in an offshore platform jacket-log (Top) and a lamellar tear
failure in a large laboratory test sample with the inset showing the crack propagation pattern
(bottom).
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Fig. 5 - General relationship between yield

strength and carbon equivalent.
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Fig. 3C - Cross section of weld failure because

of hard HAZ.
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Subcritical HAZ (SCH-AZ) 30 l 350*C
Intecrca HAZ OCHAZ) Normalized

Finre-grain HAZ (FGHAZ) ~te
Coarse-grain HAZ (CGHAZ)

Heat-affected Zone (HAZ) S200-

elA a TMCP
(Plaote)I

Single-pass bead-on-plate weld TMPe

LJEliminated H-AZ C0  0I0304

Altered HAZ -- w6 /

LIUnaltered HAZ Pas2Fig. 8 -The influence of the cooling time (Ltr

PPass as 8/5) on the notch toughness of the weld l{AZ

thermal simulated specimens. The test tempera-
ture was -22 0 C for the normalized steel and
-400 C for the TC4CP steels.

-'TMCP- 61 8/52sec

V - (Pipe)

ntercriticailt reheate TMCP A/
GHZ(IRCG) 0 200 - Plate) Iv -

Subtcrifically reheatedl
~-GHAZ(SRCG)Unaltered CGHAZ

Unaltered CGHAZ Pass 2P
Pass I Unaltered FGHAZ>

Pass 2 1 00- Stemiel
Unaltered ICHAZ, Pass2 2te

Unaltered SCHAZ, Pass 2k

Two-pass bead-on-plate weld

Unoltered SCHAL C
0 600 800 I10OO 200 400

\ IRCG Simulated Peak Temperature C
Fig. 9 - The inf luence of the peak temperature

SRCO (T ) on the Charpy V notch toughness of the wl

HAR termal simulated specimens. The test
temperacure was -220C for normalized steel and
-40 C for TM-CP steels.

Single bevel, multipass weld 0

Pi.i -TeIIAZ regions.

0 5 0o I5 20 25 30 35 4o 45 5 C'

%/ Course Grain Reqors

Fig. 10 -CTOD vs. percent coarse grain regions
for all steels. (13)
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DEVELOPMENT IN MICROALLOYING
AND PROCESSING OF HSLA STEELS

FOR OFFSHORE STRUCTURES

Mikifumi Katakami Naomiti Mori Toshiaki Haze Kametaro Ito
Oita R&D Lab. Joining Technology Lab. Plate, Bar, Shape & Rod Lab. Plate Technical Div.

Nippon Steel Corp. Nippon Steel Corp. Nippon Steel Corp. Nippon Steel Corp.
Oita, Japan Sagamihara, Japan Sagamihara, Japan Tokyo, Japan

ABSTRACT ItyFFOI)UCTION

Recent developments of the use of micro- Microalloying has advanced into a highly
alloying elements and processing technology to sophisticated technology in line with the de-
produce HSLA steels for offshore structures are velopment of steels for offshore structures that
presented. (I) HAZ toughness is improved by demand the mnst comprehensive and severe steel
new mechanisms which utilize Ti oxide or, TiN- properties among steel -structures. The proper-
MnS-Fe2 3 (CB) 6 as ferrite nucleation site within ties required of steels and welding materials
austenite grain to produce finer microstructure. used to develop, produce, store and transport
High carbon matensite formed in the intercriti- energy cover, a wide spectrum as follows:
cally heated grain coarsened region acts as a
crack initiation site and should be minimized by (1) Strength, ,lctility and toughness of base
proper choice of microalloying elements. (2) metal and welded joint
Good weld metal tcughness is obtained when acicular (2) Unsusceptibi ity to weld cracking (including
ferrite structure is introduced by proper choice lose llar tearine)
of Mn content and microalloying elements. New (3) Int-inal ondie'- (hase metUsl, heat-afl'e-t-
carbon equivalent parameter, CEN, to evaluate ed zoro aii weld mr,,ti)
proper hardonability is also) shown. (3) Ef'ects (4) Fatigue stiength (Lncluding corrosion fatig e
of' microaloying elements to produce, finer auste- behavior)
nite and resul tant finer microstructure are (5) (Corrosion resistance (including resistance
re iewed. Recent progress of' estimation f'or to hydrugen indiced r racking, hydrogen sulfide

r-crystalli:zation and transformation of' micro- cracking and st ress corrosion cracking)
alloying lement(s) containing steels is intro-
duced . Accelerated cooling technology for fincr An active exploration of offshore oil
micro structire and strengthened lertte is fields have giaduially moved from warm seas to
stressed to obtain good t.oughnwss and strength subarcitic and ar'ctic seas, and large off'shor-
with low carbon eqiivalent. (4) Processing structures hove been built from the standpoin t

tchi qire to cont.rol impurities and desired of economy. S]tructiures installed arid operated
microalloying eient is practiced by th, aid in subarctic arid arctic seas must be absolutely
of, process i.ng cimplltr. (fS) F in;illy, pr-odJicts safe to ensuro enivironment al protection and
for offshore structures recently doveloped by operational st ability. Brittle fracture is
microalloying technology are pr'esernted. catastrophic and its prevention is of the utmost

importance. This type of' fracture initiates
r.Ii~'L;hAtI'I;~t" arid l)ropagat .es fr, m a latent defect or extented

fatigue cra-k in weldos with high stress concent-
TM P t.lermo-mechanin.al ci in trot proce 55 ra t i ons . Besides proper design and fabrication
CR cont.rol led roltin g methods, steels and welding materials are es-

; asienite pecially required to be capable of preventing
, fer'r'it.e the occurrence of cracks in welds and inhibit-

r1* high carbon martonsite ing the initiation and propagation of brittle
I!AZ weld heat-afectd zo<rle 'racir( . It. becomes more difficult to meet
lIFP' intra-granilar ferr'ito plato these requ irements as steel plates increase in
1.1Z local britt.le zone strength and thickness. To solve the technologi-
vIrs fracture appearance transil.ion tempratur' cal problems involved, many theoretical and

by Ch:rpy V-notch test. practical research and development efforts have
C1,01) crack tip opening (Iislri'emeri been made on a wide range of subjects, and
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the results achieved have been applied to the High-strengt-h steel produced by the addition
construction of structures. Of these efforts, of niobium, a microalloying element that still
the development of TMCP steels and corresponding occupies the most important position in the
high-toughness welding materials has been epochal controlled rolling technology, was developed in
and has provided means for the total solution the United States in 19584). The study on the
of the problems noted above, effect of Nb followed successively 5

,
6

). Micro-
The development of TMCP steels has not alloying elements advanced literally together

depended on the development of a new rolling with the controlled rolling technology.
process alone. The TMCP steels have also been In the 1960s, the role of microalloying
made possible by basic research to clarify ra- elements in the controlled rolling technology
tional criteria for the respective steel proper- was made clearer, and new steels and manufactur-
ties and to elucidate factors governing the ing processes were developed. For example,
toughness of the base metal, weld metal and strengthening by niobium and vanadium is due to
heat-affected zone and by development of highly the fine precipitation in ferrite

7
,
8
), increas-

advanced refining and rolling techniques. Above ing the manganese content of niobium-microalloy-
all, the results of studies conducted on the ed steel lowers the Ar3 transformation tempera-

effects of microalloying elements on the proper- ture and increases the content of niobium car-
ties of the TMCP steels and on the behavior of bonitrides that contribute to the strength
the TMCP steels in the refining, casting, roll- increase

9
), and the addition of niobium inhibits

ing, heat treating and welding steps have made the recrystallization of austenitel
0 - 1 3

).
the TMCP steels commercially successful. In 1963, Japan developed its first niobium-

Based on the above recognition, this report microalloyed semi-killed steel with a yield
reviews the progress of technology for the point of 36kgf/mm2

, ihdependently of Europe 1 4
).

microalloying and processing of HSLA steels and The controlled rolling technology aimed at

describes the future problems of [SLA steels increasing strength and toughness by utilizing
by focusing attention on microalioying elements made remarkable progress
(a) the effects of microalloying elements on in 1969 when Japan's three steelmakers jointly

notch toughness of weld heat-affected received an order for supplying steel plates
zone, to produce low-temperature service API 5LX65
notch toughness of weld metal, line pipe for installation in Alaska. The
susceptibility to weld cracking, backbone of the present controlled rolling
notch toughness and strength of base metal technology was established in this period.

(b) developments in processing of TMCP steels In the 1970s, the efforts to obtain high
(c) results of manufacturing microalloyed steel strength and toughness with a lower carbon

plates fur offshore structures by applica- equivalent culminated in the development of
tion of TMCP technology. extralow-carbon-high-man anese-molybdenum-niobium

acicular ferrite steel 1
5; and extralow-carbon-

In this paper the recent technical data of high-manganese-niobium bainite steel
1 6

). In the
Nippon ;teel Corporation are mainly quoted to last half of the 1970s, application of acceler-
assure the consistency of technical ideas pre- ated cooling technology to steel plates was
sented, paying attention to the pioneering earnestly tackled and the accelerated cooling
works throughout the world, technology accomplished a major qualitative

change into the present TMCP technology.
The major histrical topics are shown in

BRIEF HISTORICAL REVIEW OF APPLICATION Table 1.
OF MICROALLOYING ELEMENTS TO STEEL

PLATE MANUFACTURING

Brittle fractures frequently occurred in
entirely welded ships in World War I. The
subsequent investigations into these failures
brought about the concept of toughness. In 1958,

toughness and strength were found to be improved
by the grain refinement of ferrite.',

2 ) 
Nowa-

days, three decades later since then, grain
refining is still regarded as the only economi-
cal means that can improve both strength and

toughness at the same time. Thereforo, most of'
the studies on both controlled rolling technology
and he microalloying technology have been relat-
od to the grain refinement.

Controlled rolling appeared in the 1950s

as technology for manufacturing 40 kgf/mm2

strength shipbuilding steels with improved tough-

ness. In 1958, the controlled rolling technology
for carbon-manganese steel started its progress

with aluminum addition and manganese/carbon
ratio increase, among other techniques

3
).

144



Table 1 CR and TMCI' Technology Developments

1955 1960 1965 1970 i980

IiMrcln accelerated
Europe) Quench and Nb added 50 Kk 11AFAII) cooliLng

temper equipment YES (JAVAN) i,-k3eel for (JAPAN)

class F steel , temrperature 50k steel for

(JAP AI) line pipe____

Research Effect f Nb aisat b jN- oe1

(C.A.eiser) Fteol cor Pipe "MCP iho

accelerated 1cooling

CR o~r Si-4n steel I Palt

R.W.Venderbreck I Rd-l Cut

Sltrucl'ai iceleratei cooling

Steel procttcal

(W.E.D.I-~rt n. appLicati)n)

When the production of' steel plates f'or are used in shipbuilding, airong other applica-
off'shore structures is designed, the strength Lions . They Fucceedod in irspmoving tnie notch
arid toughness of welded joints are factors of' toughniess of such wdsby p~reventing the grain
equaql importance as those of' base metal. Because coarsenin, of' a'iotm oeni to and promoting the trans-
of' the heat input by welding and of the resultant Cormation at.f au7tenit-e to) finer ferrite. F'ig.
transformation, the toughness of' wdelded joints I sostoeeff'ecta- of 1i additio)n. Since
usually becomes the most critical. An essential then, it thaf tlecome, general practice to add
prerequisite in this respect is to select the titanium focr if.pronving the- notch toughness of'
contents of microallaying elements within per- the HIAZ. MA tiole-nass welds in off'shore
miscible limits while considering the strength structures have a complicated micros trlc tures
and toughness of the base metal. compared to those of' single-pass welds. The

microscopic lo cal brittle zo)ne18) of the HA/,
RESULTS OF FUNDAMENTAL RESEARCH ON exerts a particularly large effect on the CTC))
THE EFFECTS OF MICROALLOYING ELEMENTS jf' welded joints, and so,-me Steps mos.t be takos
ON THE NOTCH TOUGHNESS OF WELDED against the adverse effect of the t13Z. System-
JOINTS a tic inves-t tiaLiens clarified th' effec-ts of

mirallvigeleaso' a 1( h, K10 - 231)
NOTCH TOUGHNESS OF WELD HEAT-AFFECTED ZlONE The microstructures and thiermal histories

of HAZ portionrs in a welded j oint. are schemati-
Many studies have been published on improve- cally illustrated in Fig. 2. The grain-coarsen-

merit in the notch toughness of the weld heat- ed zones A to, 1) foirmed after heating by bead I
affected zone. The basic idea to get the refined toi high temperatures ate reheated by bead 2 and
microstructures for better HAZ toughness has change into various microstruritiires. As can be
two aspects. The first is to retard the auste- seen from the thermal history curves, zone 1)
ni te grain growth before transformation by micro- is clnoest to beid P. and thus is reheated to the
alloying. The second is to utilize the ferrite highest temperatuire and is niot. altered into
nucleation site within the austenite grain and the grain-refined structure. Zones C, B and A
W-t the fine 1FF structures. The results of decreas3e in) reheating temperature in proportion
research on titanium nitride (Ti-NI steel, as to the ((atance from the fusion line and
an example of' the first, and titanium-boron oicrCostrk]ctures chainge into a grain-refined
(Ti-B) steel and Li tanium oxide (11-0) steel, Ferrites-tructure, a second phase containing
as' examples of' the soecond are described below. grain-coarsened structure and tempered grain-
In case of Ti -N steel ,the effect, of' thea econd cc ar.ned structure, resqpec-tively, depending
phase on the HAZ1 toughness is Focused. on the reheating tempo-rature involved. This way,

tthe HAS. of' the welded juloint. varies ini microstruc-
Ti-ti :f'ee) Lure and brunco in notcrh toughness from positlion

-iwato po i Lionr. it(, exper inentLs usinug a thermal
Kana zaw tau I c 1 ci ri fl ed thatL tho cye Ic or muiila!t orhtwed that the part icul ar zone

f(onmati -ri of uppr, tu in(te , exh lbi tori Sw in allele LtiO tOIpra tore roseo to the two phase
Fig.- 1, brougpht. f'ron roarse-gra ined 01us toni to region, Acl 1,to Ac ., tec ame very bri ttle. Kig. 3
is r'.[emporh~f forti the e nhr it.t Iemnmt ()f hi gh- shows4 th(at. whemi tie peak temhperature of' the
tica t. i nput we) dd joints, such as one-s9ide monc>ieIpI if; 800 C, the 1:10) value is

orii-p siihsubmerged a1rc( we) led joints, that, thc) I 01405) . litO 1 let ion1 corresonds to the
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second phase containing grain-corsened zone

(B) in Fig. 222).

too

50

0 0
440 .

* shN't =2 (T i fee 005
1 2 0 o s t e e l 5 ( T i N ) - "

,400 NO 12

Ut -go TI2 )(-(:
Fig. 3. Distribution or CTOD value of HAZ

-0 along the fusion line: simulated HAZ,
* double thermal cycle (Tpl:I400C,

_6 d d t8/5 :20sec .22)

chemical composition, wt%

goo 1000 1100 12o0 130(0 14011 stee 1 C Si tIn Cu Ni Nb Al Ti

,,lw4 , , ,,.,v ,, C.... H 0 0.11 0.37 1.50 0.22 0.21 0.0270.027 0.006
D 0.18 0.35 1.46 - - - 0.032 0.007

Fig. 1. Change of microstructure and vTrs with . ... . ....
max. heating temperature hvai.er1 by
thermal cycle simulator.

1 7
)

chemical composition, wt% When the portion near the crack origin and
Sright beneath the fracture surface in the frac-

sleel C Si Mn sol.Al Ti tured CTOD test specimen was examined, as shown

2 0.11 0.19 1.31 0.006 - in Photo. I_ the crack initiated at the interface
5 0.13 0.19 1.32 0.007 0.019 between the matrix and the second phlase, high

..... carbon mar tensite.

The precise study by scanning electron
micro$sLopy, transmission electron microscopy,
and Auger electron spectroscopy revealed that
the second phase was high carbon martensite 2 0 )

.

1400C(

Aee, A,,

A,,I.

Photo. I. SEN micrograph of microcrack formed at

',,A ,the interface between high carbon

A,,
_  

martensite (M*) and ferrite matrix.

steel: 0.l1%C-0.37%Si-.50%Mn-0.22%Cu-

0.21%Ni- 0.027%Nb

A: subcritically reheated grain-coarsened zone When the portion near the crack origin in
B:. intercritically reheated grain-coarsened zone the fracture surface was observed, a massive
C: supercritically reheated grain-coarsened zone second phase was found at the center and a
D: grain-coarsened zone cleavage crack was seen running from the vicinity

of the second phase, as shown in Photo. 2. Thus
Fig.2. chematic illstration of' the heat-affected it is concluded that M* plays a major role on

zone of a multi-pass welding, the notch toughness in the second phase contain-
ing grain-coarsened zone.
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particles first transform to austenite selective-

ly and form M* on cooling. Since carbonitride
formers are concentrated in these portions, they
increase the hardenability of' the local portions

and facilitate the formation of M*, thereby

exerting a particularly strong effect on the
deterioration of dc. Therefore, the microalloy-

ing elements, most of which are carbonitride
former, should be added in as small amounts as

possible. A good example of microalloying use
by small amount is the only 0.01% Nb containing
stee1

1 9
).

Photo. 2. SEM micrographs of second phase at crack e 100.0
initiation site. - f JBT.E (Yc i.W: C1HC

-- ar l~~I.E(AY0C BO0c

steel: 0. l4%C-0.36%Si-l.47%Mn-0.21%Cu- 1iiii (c'(lWc 800C--dl t'O 40 sec -1 450C)

0.19%Ni-0.026%Nb-0.04%V-0.033%A1-0.007%

Ti - 1oo

The maximum size of high carbon martensite

has a good relation with the critical fructure
stress as shown in Fig. 4.

240I 1.0

- 2000-

60_0 / 01l"" ( Si M ('. NiCr NI M, N I

1200 /R' 1( I, ; . 1: N1 FN NT
-5800 ' / Fig. 5. CTOD deterioration factors for alloying

', / elements: simulated HAZ (double and triple
/4 - thermal cycles).

2 2
)

40 chemical composition, wt%

Fig (MAIM2 S Si C. N Cr .10 V Al N B
0 400 800 1200 (U" bse ().to 0J.25 1 .50 - - 0 .63 6.003 -

ring 0.80 i .00 0.()0 0.00 0.00 0.00 0.00 0.00 0.002 0.000

(MAXIMUM SIZE OF HIGH CARBON MARTENSITE) 0.14 U.40 1.60 0.60 U.60 0.60 0.30 0.04 0.06 0.008 0.002

Fig. 4 Relationship between maximum size of
high carbon martensite and critical

fracture stress.
2 1

) Ti-B Steel

steel: O.l0%C-0.22%Si-i.53%Mn-0.28%Mo-

O.03%Ak-O.Ol%Ti-o.003%N Titanium-boron (Ti-B) steel was developed
especially for welding with high heat input

2 4
,
2 5

)

The maximum size of M* is correlated to Photo. 3 shows the microstructure of the HAZ of

the amount of M
.2 1 )

. Decreasing the amount of' the Ti-B steel, simulated with a heat input of

M* is thus effective in improving the LBZ in the 130kJ/cm on a weld thermal cycle simulator.

HAZ of the Ti-N steel. In reality, a good The microstructure is characterized by the

correlation was established between the amount formation of' IFP.

of M* and the value of critical CTOD (ic) for When the IFP transformation nuclei were

initiation of failure
2 0

). The effects of micro- examined, they were found to be TiN-MnS-Fe2 3 (CB)6
alloying elements on the embrittlement of ISLA complex precipitates, as shown in Photo. 4.

steel by M* were investigated by the simulated The precipitation temperature of the pre-
HAZ CTOD test. The results was summarized in cipitates in the li-B steel is shown in Fig. 6.
Fig. 5 by a parameter rM . The larger the value The precipitation of Fe2 3 (CB)6 as nuclei for the
of rM, the smaller the value of nc is. As formation of JF' is shown to proceed in the

evident from Fig. 5, the alloying elements can vicinity of' 650 C. The dissolved boron is thought
be classified into four groups according to the to be effective in retarding the growth of ferrite
intensity of their effect on the deterioration formed at the austenite grain boundaries. The
of' ic. That is, the alloying elements are order- notch toughness of the HAZ in high-heat input
ed as follows: N, B Cr, Mo, Nb, V C, Si Mn, welded joints of the Ti-B steel is higher than

Cu, Ni. Carbonitride formers, such as Cr, Mo, that of the conventional steel for these reasons.

Nb and V exert a strong effect on the deteriora- The Charpy impact test results of weld thermal
tion of 6c. cycle simulated test specimens of the Ti-B steel

are compared with those of the conventional Ti-N

When the [ISLA steel is intercritically steel in Fig. 7. The notch toughness of the

re-heated, portions containing many carbide Ti-B steel is significantly improved.
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Fi g. 7. ChArpy uia. L tes. resuIts or weId herma

o cycle sirnulated IIAZ specdmens t24

steels: same as shown in Photo. 3

:r0

Ti-O Steel
0 1 nmm

The titanium )xide (Ti-O) steel is similar
Photo. 3. MicrostrucLure of simulated HAZ with Iio the Ti-B steel in that a fine ferrite micro-

equivalent heat input o 130 kJ/cm. structure is produced trom the formation of TFP
within austenite grains. It is also character-
istic it that titanium oxide is utilized as

steel C Si Mn Al Ti B N -- transformation nuclei and that. aluminum is made
deve-oped 0.08 0.26 1.38 0.055 0.00 0.0011 0.0021 substantially free to reduce the amount ofdlo N 0.09 0.27 1.5 0 1 0aluminum oxide and increase the amount of. . .... titanium oxide

2
6,

2
7). As 1FP increases in volume,

the better toughness is obtained, as shown
in rig. 8. An X-ray diffraction analysis of
1FP nuclei in the Ti-O steel is shown in Photo.

N 5. Ti 203 is recognized. It is 2 to 3 im in

size and is often identified as a complex
precipitate containing Mn.2' and A12 03 or HnO
when examined i n det ailI

ooI-I,),,0

' -20

Photo, .TiN-MnS-Fe23(CB)6 complex precipitate.
2 4 ) .20

s teeli: O. 08%C-0.26%S i-1. 38%.Mn-0. 055%/A I- -"

0.007%Ti -0.0011%B-0.002 L%N -40

fim -60

_Inoe - -40 50 60 70 80
I ]i I . . IIN ll,,' ri, il - Il(°

Fi g. 8. He tat ionsh i p, beltw en volume fraction of

IFP and Charpy V-notch transition
70m temperature in simulated ILA7..26)

S...steel: 0.08%f-.5%ln-0.013%Nb-0.003%Al-
I (C B), 0.012%Ti -0.0023%N

T'h,"". ( -, )

Fj. 6. Preci t tation temperatml- nF re23(C9)6 ,

[IN and Mns. 24 )

steel: same as shown in Photo. 4
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Since IFP nucleates from Ti 2 0 3 , an oxide
,Tiz03 '  .of high melting point, the Ti-O steel gives

superior notch toughnjz= at the higher peak
temperature compared to Ti-N steel as shown
in Fig. 11. In addition, the M* should be
avoided even in Ti-B and Ti-O steels.

• '4 " M m 41) ( l ., .i 's .'~ I
77 40

20 -1Photo. 5. IFP initiated from titanium oxide
particles in specimen quenched from /
600*C during cooling in simulated weld 0

thermal cycle teat. ,N

The continuous cooling transformation I-
curves of the Ti-O steel are given in Fig. -fI) II --
9. The temperature range over which IFP r(,
is formed is considerably wide and the rate -fi
of cooling from 800 to 500"C is 0.3 to 50'C/s, i
a range that corresponds to welding with high 1350 1100 14150
heat input. I',.k hJ4l.,ralur' (U)

,0iC ' , - , I S A( Ti N
Ti(1 008 020 1.4 001 0001 0.002 0012 0.0620
Ti N 008 0.20 14 0,01 0.001 0020 0 018 0.050

P .Fig. 11. Change in Charpy V-notch transition
600o \temperature of simulated HAZ with peak

55 I temperature .6

0 M \, ,Summary (f This Section

30o- The findings obtained are summarized as
follows :

200 C,, (a) The addition of titanium, which refines
Sz. o , oo ,, ,o ,,, ,,,Io the austenite grain size, is effective in

L0 S '1 10 0 '0 , , " 3 . .$ improving the notch toughness of the HAZ.
2 50 2 to! 0 5 101 2 (b) The formation of FP in coarsened austenite

grains refines the transformed grain size and
Fig. 9. Continuous cooling transformation diagram improves the notch toughness of the HAZ. Among

of Ti-O steel. 27 ) the particles that nucleate IFP are Ti203 in
steel: O,08%C-0.207si-I.39%Mn-0.0O2%AI.- the Ti-O steel and TiN-MnS-Fe2 3 (CB)6 in the
0.012%Ti-0.0015%N Ti-B steel.

In exploiting the effectiveness of the (c) The amount of 'I* in the second phase contain-
Ti 2 0 3 , Al content must be decreased to a small, ing grain coarsened zone is one of the largest
as shown in Fig. 10. factors that decrease the notch toughness of

the HAZ. Since the amoLit of M* tends to in-
---- - - crease with increasing additions of carbonitride

100- 1_01 111) _formers, the adoitions of niobium and other
101 !lll(.h '; carbonitride formers should be preferably

S. L[ . . .minimized.
o *: o0 .
6 *..o NOTCH TOUGHNESS OF WELD METAL

• o w - -- The notcr toughness of ferritic weld metal
4(1 *" 0 greatly depends on the microstructure produced.

__ To obtain a weld metal microstructure conducive
to high notch toughness, it is necessary to

S20 select appropriate welding materials by consider-
00 o ing welding processes, welding conditions,

0 o 8 o 00 chemical composition and other factors involved.
5 0 0 ' 10 -- Figure 12 shows the relationship between

0 2 0 2the manganese content of weld metal and the
A1 I vTrs of welded joints. The structures obtained

Fig.lO. Effect of" Al content on the precentage are also exhibited in the figure 28 ). As the
of Ti2 03 in all oxides.2 6 ) manganese content of weld metal increases, the
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microstructure of weld metal changes from a
mixture of grain boundary ferrite and acicular
ferrite to acicular ferrite alone and then to -

a mixture of acicular ferrite and upper bainite t 650 4 a
and finally becomes an upper bainite. The notch -

toughness of the weld metal is highest in the
manganese content range where prior austenite i 600
grains transform to acicular ferrite and the ON.
amount of grain ooundary ferrite at the prior AV
austenite grain boundaries is reduced. It is 550

important to secure appropriate hardenability P

and obtain a desirable acicular ferrite structure 40-

at these cooling rates. When welds are made r

with high heat input, therefore, weld metal
of higher hardenability is required. The dilu-
tion of weld metal by base metal must also be •
taken into account. The percentage of dilution I______ __
is about 50% in submerged arc welded joints. 001 002 003 004
If the base plate has a low manganese content, Nh n IdV in
welds must be made by using an electrode wire ',.hdt,, (mcit

of high manganese content to secure the desired Fig 13. fert of njobium and vanadium contents
hardenability of the weld metal deposited. on fracture appearance transition temper-

Appropriate hardenability is not enough ature and tensile strength.
28

)
to yield an acicular ferrite microstructure and weld metal: 0.llC-0.25%Si-l.30%Mn-
acicular ferrite requires nuclei for transforma- 0.004%AI-0.20%Ti-0.0035%B
tion. When titanium and boron are added to the
welding material, the acicular ferrite micro- Summary if This .erier
structure can be obtained over a considerably As discussed above, the following measuresofwedngcodtin 2 9

). h oh are effective in improving the tensile strength
wide range oand notch toughness of ferritic weld metal:nism of Ti and B is same to that of Ti-B steel. (a) The base composition, particulary I content,

Atand microalloying elements are adjusted o an
widely used for the welding of offshore struc- and inc l elemnt t e adust e oa
tures as materials for making submerged arc and optimum level so that the mierostructure is
shield metal arc welds with superior low-temper- composed of acicutar ferrite.
ature notch toughness. (b) Niobium and vanadium increase the tensile

strength of weld metal with little or no notch12 2 toughness deterioration when added up to a
+0I, certain level.

.O0 I" SUSCEPTl3ILITY TO WELD CRACKING

-I1 . ih' A general mode of fracture in structures

., is such that a fatigue crack initiates from a
0 o P weld defect in a welded joint and propagates

for a certain critical length before it results
in a brittle fracture. The typical example is

I I I I the failure of the Alexander L. Kielland3
0
).

0 [5 20 2,5 Therefore, weld cracks that initiate fatigue
\h1 .,,,,h.,t ( cracks and particularly weld cracks with sharp

Fig. l?. Effect of manganese content on fracture notches must be absolutely avoided. Weld crack-
appearance transition temperature.?8 ) ing may be cold cracking that arises from the
AF: acicular ferrite hardened microstructure of the HAZ and from the

Bu: upper hainte presence of hydrogen; hot cracking or cracks
C21': grain boundary ferrite in the weld metal; or lame]lar tearing or terrace-
wed metal: oundr0.25Mrr Mt like cracks in the base metal.

weldmt:0.14% Q-05/_ 0.%_ lot cracking is influenced by welding0.0035%. materials to a large extent. This problem can
be practically prevented if over current is

Figurp I I shows th effert of the iLobium avoided and welding is not performed at a very
and vanadium contents on the noloh toughness and high speed.
tensile strength of weld metal on the conditions lamellar tearing became a serious problem
favorablp to the formation of acicular ferrite, with the welding of offshore structures and
As ninbium and vanadium contents increase, the many steps were undertaken against lamellar
tensile strength increases hit the notch tough- tearing. lamellar tearing mainly depends on
ness changes little. If dilution is taken into the nonmetallic inclusions and segregation present
account, the niobium and vanadium contained in in the steel plate ,]). Processes are already
the base plate pose no problems to the notch establised for desuilfwizing the hot metal and
toughness of the weld metal. for control ling the inc usions and segregation
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in the molten steel 3 2 ). Advanced -ountries can Summary Of This Oction
now supply steel plates that do not develop To summarize, the cold weld crarking sus-

lamellar tearing and lamellar tearing is not a ceptibility of steel plates can be improved if'
serious problem any longer, desired strength is secured by decreasing the

Whether, or' not cold weld crackLng occurs carbon content and adding microalloying elements

depends on the combination of steel plates and to such a degree that the notch toughness of

welding proceuures to be used. If this combina- the HAZ is not impaired.
tion is inappropriate, the total cost of steel
and welding becomes too high for, the economy of COMBINED EFFECTS OF MICHOALLOYING ELEMENTS
weldments. It is necessary to accurately evaluate AND TMCP IN IMPROVING STRENGTH AND NOTCH

the cold weld cracking susceptibility of steel TOUGHNESS OF BASE PLATES

plates, to clarify welding procedures that meet

the evaluated susceptibility and to make a Many reports have been published that

comprehensive judgement on the cost involved, present the results of studies conducted to

The cold weld cracking susceptibility of improve the yield point and notch toughness of

steel is evaluated by the carbon equivalent and the base plate by the grain refinement of niobium-

the International Institute of Welding (IIW) or vanadium-microalloyed, aluminum-killed steel

carbon equivalent formula is used throughout through controlled rolling. Research and develop-

the world
3 3

). This concept of carbon equivalent ment work in this field in Japan was mainly

was first proposed by Dearden
34

). carried out concerning line pipe steel. These

Increased use of microalloying element efforts were then combined with the development

coupled with the decrease in the use of carbon, of accelerated cooling technology and were

triggered the formulation of the new carbon reviewed and incorporated into the TMCP tech-

equivalent parameter Prm
35 - 1 nology.

Yurioka et al.38) have proposed a new parame- This chapter describes the methods of

ter, CEN, that can be used to evaluate the
weldability of both old and new types of steels. improving the strength and notch toughness of'

base plates when microalloyed plates steel for

CENS Mn Ni Cu Cr+Mo+Nb+V + 5B) offshore structures are manufactured by the
C i 4 + 6 2 15- 5 + TMCP technology.

(C(0.75 + 0.25 tanh I 20(C - 0.12)) The changes in the microstructure of steel
(2) during reheating, controlled rolling and ac-

CEN approaches Ceq (IIW) as the carbon celerated cooling are schematically illustrated

content increases and approaches Pcm as the in Fig. 15.

carbon content decreases. CEN was adopted by

Canadian Standards Associations in 1986.

Decreasing the carbon content is particu-

larly effective in decreasing the cold weld / fill
cracking susceptibility. If the same level of r gr-.ii ,ecyi tion ILi

steel plate strength is tc be ach'cvud, t.. groih /i

carbon content should be decreased and the u I roil ig at itjecryilaizr'I

microalloying elements sould be added instead ,.riig cr at,w, I' , Irgi on

from the standpoint of cold weld cracking. At deomatlion banis
The microalloying elements, however, should be A' a/accle,'aLd cooling

used in such quantities that the notch toughness
of the HAZ is not impaired. The beneficial use
of microalloying element is clearly shown in r-ite

Fig. 14. Fig. 15 microsi"ucture change during plate
manufac Luring.

o500-

L0,24('-0-2P-i-08 N,,...,: The simujltaneous achievement of toughness
improvement and strength increase are performed

400 " by grain refinement. Referring Fig. 15 the
0. lO(IO3& -146,rO. 15 kcy factors to produce fine grain are

'O 17Ni- 040M,-
0 N040V\(Nm) a) restraining of austenite grain growth while

= ,300 , 0.0a-0.25i--202. reheating

------- M 0.2F0*,r0 18 b) retardation of' recrystallization
Ni-O0494', c ) increase in ferrite nucleation site

× ,, -"- ~.. 011 S(001',-2 l-O i- .'. d) retardation of ferrite grain growth

- 0 0 I6 I'(0.2& I-
Z2 08"Tk . I The effects of microalloying elements and

5 10 50 100 accelerated cooling for each factor are reviewed.

((. I liug I im, Irso 800 I 500( , I (s)

Fig. 14. Effect of cooling time on the HAZ maximum

hardness for various type of steels.
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Effects of Microalloying

Since the preferred formation sites of • l.C YI

ferrite during transformation are austenite . A v siel
grain boundaries, austenite before transforma- * * N, Sgo ,

tion should be preferably fine-grained. 
Nitrides .

I

or carbonitrides of titanium, niobium or aluminum ANI-M ,'d
are effective in restraining the growth of - -
austenite grains during the slab reheating

3 9' 4 0 ). 1

Of the nitrides and carbonitrides, titanium = \ \

nitride has the highest thermal stability and . A.

i3 most effective to restrain the grain growth. 900 ' I . ' '8N
The experimental results of Kobayashi et al. are

shw in Fig 16 1 ' I "
shown in Fig. 16. 30 40 90 60 70 80 90100

Tin." . n

02 Fig. 17. Ef fect of alloying elements on the
Si 'l recrystalliza ion behaviour. 4 4 )

-.- ,,1 / [ chemical composition, wt%

0.014Nh steel C SiMn oA Nb V Mo
01%P-0.044M, 0033Fi Pl.C 0.06 0.24 1.43 0.025 - - -

- o0012, 0028, V 0.05 0.25 1.20 0.030 - 0,115 -

0.- 0 2 3Ti
Nb 0.05 0.27 1.25 0.030 0.035

Nb-MO 0.06 0.21 1.33 0.025 0.040 - 0.30
G= 0 to0

lization stop temperature. Recrystallization
and precipitate formation are thermally activated

005 processes. Therefore, as the temperature de-
creases, the growth of the grain and precipitates
becomes slower. In this respect, the decrease
in Ar3 is preferable to realize the low temper-
ature ro]ling. Low temperature rolling also

ASN 1100 1150 M I f Il1 increases the deformation bands.
), i.,r 1,,r,. ( (I) 1000

Fig. 16. Variation o)I' ristenite grain size with
temperature when steel is heated for 5 s.

As N: As nnrmalized at 9500( for 15 h.39) .

steel, wt%: C;0.04/0.0'( Si;0.34/0.37
Mn;1.73/1.77 AI;0.025/0.046 " I

900

The grain refinement of austenite during 900
rolling is effected by rolling strain, delayed
recrystallization and retardation of recrystal-
lized grain growth4li 58). Niobium, vanadium, 850 U I.w 850 c
titanium and molybdenum are effective in this
grain refinement of austenite.

In Fig. 17, the effect of niobium, vanadium 8001 I 1 1 I I 1I
and molybdenum on the recrystallization of Fa.s,. I'h VI i \ N Ti V
austenite is described. OF the three microalloy- -II -i
ing elements, niobium is most effective in the A1li,11L, PI,'i,'flt
delayed recrystallization. Fig. 18. Effect of alloying element on recrystal-

Rolling in the unrecrystallized region lization ,top temperature. 5 8 )
forms elongated austenite and deformation bands steel: 0.03%C-0.15%Si-l.5%Mn-0.025%Al
within austenite grains 5 7 ). Since the deforma- Nb; 0.05%, Ti; 0.02%, V; 0.08%,
tion bands effectively act as ferrite formation B; 0.001%
sites, a grain-refined transformation microstruc-
ture is obtained. Rolling in the unrecrystal- Remarkable progress has been recognized
lized region is thus an important element of the in the prediction of the recrystallization
controlled rolling technology. The addition behavior of austenite in recent years. Figure
of niobium and vanadium expands the unrecrysta- 19 shows the results of calculations made
lized temperature region toward the high end and to determine the strain necessary for the re-
promotes the aforementioned effectiveness of crystallization of austenite in niobium-micro-
niobium and vanadium. Niobium is more effective alloyed steel by incorporating about 30
than vanadium in this respect. Fig. 18 shows factors 5 9 ). [he calculated values closely agree
the effect of Nb, Ti, V and B on the recrystal- with the observed values.
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10-T,1200U of austenite is. Transformation percentage and1000 ~ M M -IeTp - 950fl' grain size of ferrite in carbon-manganese steel

and niobium-microalloyed steel was found to be
in good agreement with experimental data. The

a calculated and observed volume fractions of

90 Pr..IIsFerrite are compared in Fig. 2291

A No

No 
--

JIMII

-- 700 -20- .

0 02 04 0n 08 w1In
10 2 5 HI0 2 S 1l0 2 5 (((2

Fig. 19. Calculated critical conditions of Fig. 21. Change in hardness, grain size and
austenite recrystallization 5 9 ) microstructure with cooling rate. 6 2 )
steel: O.O7%C-0.23%Si.33%Mn- steel: 0.15%C-0.17%Si-0.66t.fh

When austenite transforms to ferrite after,~
controlled rolling, the smaller the grain size N h
of austenite before transformaLion, the finer,0
the microstructure after transforaion. In 0
this case, carbonitrides are effective in produc- 0o e
ing finer Ferrite grains. Th efetMoRibi,-(2ai

an vndim nthe grain size of austenite and 1+ IOa-
ferrite are shown in Fig. 2050).I

Fine precipitates of nitrides or carbiden 7

are widely recognized to have a prominentNI
effec t on strength increase6 0, 6 1).

- h5r-I, ls.I 0 11.1 a 1 0 104 NI, n.:i

015 0S N Fi..2 Comprk om or progress of transfrmat1.ion
obetween erimorlLal data and calcudl ated

(0 10 i-fI' 0" 0Q%Si-l .4%14n

10 t 9 8 7 6 5 1 I Accelerated cool ing strengthens Ferrite
(I- sr a. sI'IoI I ITM 0. andI bpnel iureases the strength of the steel
Fig?0.Reltioshi bewee ai~t~ Legran ~.20 as shown in Fig. I-. In addition, a secondFig.D. elatonsip etwen aste e grin ize phase Formed as a result of accelerated cooling,before transformation and ferrite grain pearlite or hainite, is finely dispersed betweensize after transformation and1 effects of ferrito grains Yo increase the strength of then iahium and vanadium additLions on austenite selWtotipiigtenthtuheso

and Ferrite grain size. 5 01  te ihu marn the stehtoghl. o

Fffects (Wf Accelerated Cooling Tho McejlnraL'd cooling technology has
thus m(ado it p oss ible to obtain the same level

Acceeraed oolng etars te gowt or of strength as tthat of conventional controlled
Aer eler d ated o lnSea the grow f e r the o rolledi steels with a lowr value OF carbon

ferritehand ak s thei ) Trai sie f fe orrite in equivalent than in( thle conventional steels.
fine r tn aer i re cooin g size Ts h w ef ec Fig coo in tioeove , toughness o f accelerated cooling
rtisie n on fh errite grain size is- shwPnFg t rocessed steels can be improved than that of'
crtais evide th a thce n ferrite rain sie.o conventional non alized steels when Oltimised

crea e wthnrmating coaor rF ie in conild t os of con tolled rolling and acceleratomi
The tansfrmatin beavio of frrit is o ing ar 'omb ined, These examples are shownestimated as vigorously as the recrys La III.2; ion in Figs;. Mtand A . iTh decrease in carbon

equ 1val10(3 di rPLI lim proves the cold weld
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cracking susceptibility. Accelerated cooling 6'.
technology is also quite useful in this respect.1

603

6110~ 1 /i( !)8,~, Asr C C

...... .1. ..-.

'3 0 oo /to 0 A C
accolra Led r '01I rg 5 top Loropora Lure -C

_______________________________i g. 29 IiFocy K.o anc" oratei cool ing stop

0. i? 'wr1-metaiui'o oin the strorgth or Nb-l
cnn Lbiiog s Lel ater s Lress relief.

Coil C 4 Mn/6 + (Cr +Mo + VUK 4 (Ni 4u/l, f30 nou in thicknses, 0.7 mn /min-m

Fig. 23 Reltationnsh ip between Coq andt sftrengthi lot steel: C. l%C- . 24%Si-l .48%Mn-C .013%
TM3CP steel s and notuli -d steels . Nb-C. 20ITi -0.04 l%Ai

pin t thwikocs Q -50 mm HII 50 class)I
Summary Of This Section

The effects of microalloyjog elements on
the strength and notch toughness of base plates
are summarized as described below.

Tjti'I For grain refinement to improve toughness
-. arid strength,

(a) The a.ddition of' titanium is effective in
7 A ,, Irestraining the growth of austenite grains

/ during slab reheating.

I / /(b) T r refine tho austeni Le grains during
-so.,, - rolling, the addition of Nb, V and Ti are effec-

/ -7~' '~ 'Live in expanding the unrecrystall ization temper-
/ '// ' /ature region of austenite and retarding the

growth of austenite grains. Among these, Nb
0.30 ( At 'I n.i' has a prominent of fect.

(c) Dlecrease in Ar3 by the addition of Nb, V
Ceq C + n/ + (H + Mo + UKs + (Ni + Qi)/15 and Ti increases deformation bands and maintains

the effective size of Vrecipitates, allowing
fig.2 U3/jlato or 1p ho'twenn I q and viTo 11wi ill'p Polling at the low tempera Lure,

steels arid normal ized steels. (d) Accelerated cooling after rolling refines

(plate thickness 12- 50 mm H lT 5(0 class) and strengthens ferrite grains.

D)EVELOPMENTS IN PRlOCESS ING OF VISLA STEELS
Further, accelerated cool ing makes beat

use of microalinying element tu increase the When microalloying elements are added to
strength of base metal when steel plates are steels, their el'fectiveness varies with steel
used with stress-relief' heat treatment. Fig. P5 plate manufacturing process conditions, for
shows the typical example of Ti and Nb addition example, alloy types, addition methods and plate
on the strength of steel after stress relief, manufacturing conidi Lions. Process techniques
High tensile strength is assured when accelerated must be thus developed to make effective use of
cooling stop temperature is below 53oCC in this microailoying elements. In recent year's, latest
figure. The strength increase is due to Nb and processes for manufacturing steel plates for
Ti precipitation. offshore structures, including the TMCF, have

The efferl'- of Ticroalloying elerments arnd been introduced. Principal process techniques
accelerated cooling on the grain refinement of that greatly affect the effectiveness of micro-
base metal and IIAZ are summarized in Fig. 26, alloying elements are summarized in Table 2.
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ELEMENT FORM MECHANISMS OF EFFECTS

EFFECTS ON PROPERTIES

grain growth 
a grain TOUGHNESS

refinemen refinement INFROVEMENT

recrystaization BaseBase Metal

I IF )LHA Z

r-Laraation of a /, HAZ

TiC, grain growth
"'i, ,_ . _____/ - oecrease i.

Mo, sol.Mo I7sl

"'" " tnncrease ina /
nucleation ste

Ox~de ' nreae tan 1ef- /

Fe (CB) 6- non-metai STRENGTH

V c2_> NCREASE

sol.Nb -- - - --- - precipita-e haroening - ---------- ------ Base Metal

" "; ---. increase -n naraena- - -- --- -HAZ

sol.TB-.icrset ahre4 'IN

Fig. 26. Effects of microalloying elements and accelerated cooling (ACC)on toughness imprcvement
and strength increase.

Sulfur, phosphorus, oxygen and nitrogen Table2. Main process techniques to make effective
content control techniques are important as they use of' microalloying elements.
are aimed at achieving the benefits of these --

alloying elements in various forms. A typical i"i)o' l"g ii

mod-rn steel plate production process is shown c. ti ,.,,,t.. ,ii ., , -ig-i
in Fig. 27 together with the aim contents of
these elements. The process is a combination

of hot metal pretreatment, LD converter steel- , vacu,. k,-.. r,

making and vacuum degassing. The contents of co,,*ol I A -O-'t 0r oLill-nwi -of compter
microalloying elements must be precisely con mlcroalloylng elments dao. v leIn totes
trolled for both property control and economy.

Technology is established whereby titanium, I I e,.. r t t letioi nilr,og or -,lie- teel

niobium, vanadium, calcium and other microal leying nege,1. ,, 'n of Jbl. by -1l oiItiog son-

elements, which are frequently utilized in steel. i,, . slob -. t ,h---d t..I 1, g
plates for offshore structures, are added to the
molten steel being vacuum degassed. The contents "' " " l"" co"i""

of these microalloying elements can be controlled ,,r ,
within narrow limits by this technology.

Figure 28 shows the layout and general view

of typical accelerated cooling control equipment i,,,,le , rolin.,o . (oi,le rolli0, i.,-e ,ed),ti.

(commonly called the continuous on-line control i.olie.l tooling "Coptr -, 10t tcmn~r,, e c',-,oi

system and abbreviated C[.C). The accelerated - ,--et,, tooling

cooling system embodies the long-standing dream
of metallurgists to control the transformed

microstructure of the steel plate by controlling
the rate of cooling after rolling.
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Fig. JO - CTOD vs. percent coarse grain regions

for all steels. (13)
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RlESLT.'; 01" MANUFACTUIIN, MICHOALIuiLth intended for welding with high heat input and are
sTE- 'l. tPlATEs t-oil oFvi-sioIIV STRIICTUIIIII<S produced for arctic. semisubmersible drilling
BY APPLICATION C1'l(p T 1ECITINOL(XGY rigs. Steels F arid C are titanium-microalloyed,

35)5 MPa yield point- grades developed for Charpy
The effects of miicroaltoy jug eleitionts on impact test 1.emperaturo s of' -60 C Ind-7 ,

the proporties of steelI plates for offshore respectively. Steel 11 is a 420-flPa yield point
,structures arid typical manufacturing processes grade produced hy the use of' titanium oxide to
have been described in the preceding chapters. improve the notch toughness of the HAZ. StLeelI
Of the new processes, accelerated cooling tech- I is a titanium and niobium-microalloyed, 450-MPa
riology was a major breakthrough and dramatically yield point grade developed by large additions
improved the properties of this c~lass of steel of nickel and copper to increase tensile strength
p latLes. The typical properties of' steel plates and notch touighness. The main mechanical proper-
for' offshore structures manufactured by the ties of' base metal and welded joints of' these
TNCP are shown below. plates are given in Tables 4 and 5. The- combina-

Table 3 lists the chemical compositiouns tion of' the MCfF and mic-oal] eying technologies
of' nine ropr'esentative typos of' plate steels provide steel plates with a low carbon content
developed or produced by thc TIIOP. Steels A and helps to meet the strength and toughness
tn C are microalloyed with ti tanrium and niobiuim, requirements of' baise metal anid welded joints.
have a yield point of' 355 Im' andI are produced The I1AZ CTOD valures ' stee ls A, B3, C and HI are
for fixed-type lplatf'ornrs in the North Sea, shown in Figs.- 29 and 30. Satisfactory results
Steels 1) and E are micr'oalloyed with tit-anium are obtained.
and boron, have a vi 'ld point of 355 Nlla, are

Table 3. Chern l i poiI c f h dvloe 0.e

010~' I lype I eq

Nn NA I3 N- Fi Al Pl (11wi

0 . 1, it.

I 1- id -

P~~~~~n 3PI7 0" P F 00 .1 - - 0)7'. 00 10 0.31

I+ J- 'I Yr I'

0.0 I I 00" 0.031 - 0.31

TI!' 1110 (,1 I i'l +* (+ I I.rIrrfr, ~ .I (( T111 )-0(10 0 .0 30 0.4
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Table 4 Mechanical properties of the developed steels.

Base Metal_ We1JotCrack pre-Base Metal Weli cn

iThick-I Tensile test Charpy impact test -harpy imp (t sest VE ientin

Steel! Type n ess Loca- Y P TS E Loca- Temp.fvE vTrs Groove H.I. L a- Te(p. (Ave/sin) temp. of y-

(m) ion (MPa(%)Ition ('7) (J) ('C) Type )kJ/mIs ion ('C) (J) groove test.. . .. . .. . . .. .. .. .- - -.. - -.. . . - -_. - - _ - --- '. . .. 4-- ... - -. . . . .. . .

1/4t ,/4t SAW I 1/pt

TiNT added 03 511 36 :10 6 K 5 Fjsion_-I0 < ___25C" l, b dd d -- ... l .. ..# . . . - .. . - -_ L . .. - ... __-

Y P 3 5 5 M P a 1 2,t A . , L in 2 3 5 3
B 149 T* 411 I510 29 T 1-40 122 Ii

B '- -' ~a'C -. ....... . K 5 I - 213 25C

1/2t l1/2t SAW 23,

C 10 T 369 4QO 33 T --0 290-95 K 5 --.3 192 - 25'C

Ti-& adied 1 t/2t 1. 20t AW 1L0

7 YP35MFa . 32 T 31T -60 2031 -5 X 11.1 -60 51 - C

for high heat 1/2 l,2 t SAW liq

E inpit welding 43 , 3', 533 29 T -60 2 6 90 X 2i.3 -62 73 C C

'- T ae d YP355 1,2 l 2t SAW 200

F ypa for -63 53 T 36 509 30 T -60 215'-34 K 7 -6.0 173 20 C

Ti added YP355 112t 1,lt i 7

!iPa fqr -75 'C 75 T -,)1 506 34 T -0 225-lO04 x 5 -75 25 -23C

Ti-0 YP420MPa 1/2 2 SAa 114 -

H f r - .40 7 50 T . 57 554 32 F -5 . 334 _40 5 - , 3 'C

High Cu,Ti-1b 1/251/2t E A ' ..

YP45?IPa -60'C 30 T 5. 530 23 T 1-6 135 -'3 K 7 -60 195 2 5 -C

• transverse direction

Table 5. Mechanical properties of the developed steels.

'hi k- PWHI'

Steel Type ness P'WHI Tensile Lest (harpy impact test

(mm) Test,. Loca- YP 'S El Loca-Temp yE vTrs

(') tion (MPa) (Mpa) (% Lion (°C) (J) (IC)

Ti,Nb added

B YP355MIa 49 57 31 484 31 -40 246 -80

for -40 C
1/2t

C 100 5 5 356 4 3 35 -40 313 -R0

Ti added YP'155

F Ml'n For -63c 50 58() 393 494 3I -60 19) -13

Ti added YP355

G MPa for -79 'C '5 -o 1/41 3194 501 39 -75 307 -112

Ti-) YP4 20l'a

H for -40 "C 'O 515 1/2t 435 541 39 -60 192 -0

High Cu,Ti-Nb

YP450MI'a -601"C R 530 /2P 465 561 7 -60 154 -
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Fig. 29. 'rest results of steels for offshore levels of welding.
2 6

)

structures with yield point of 355-MPa chemical composition, wt%

class.
2 3

)

chemical composition, wt% steel - C- Si Mn Cu Ni Nb A1'1

Ti-0 0.082 0.17 1.54 0.22 0.24 0.013 0.003 0.014

thickness __- SN......u.-.Ni Nb . .... Ti-N 0.085 0.23 1.52 0.25 0.26 0.012 0.027 0.011

38 0.08 0.26 1.42 - - - 0.007 0.043
49 0.09 0.17 1.43 0.25 0.27 0.007 0.007 0.025 As discussed above, the TMCP technology

_ _ 0.08 0.21 .4 2 0.40 0.009 0.0060.031 and auxiliary techniques have helped Nippon

Steel Corporation to develop and produce 355-MPa

and 450-MPa yield point steel plates for offshore

structures as shown in Fig. 31.

Plate steels with higher strength and lower

temperature service are under development to

meet future requirements.

Pfak, ~ ~ <: IITS0 I h k-

S 50 100 150 200 0 50 100 i0 200

-4 1"r stlir lllI )

-40 20

.0-- --- - - --a

-_80 10

-I00 ) 50
11160

0 0 50 t00 0 50 t00

~40

E = 3m0 'X, II

v8_ 40 z

"40 n .... il 1..

-i 31 x m l rr is o t 50

Fig. 31. Example f .sres of tee, plates used for offshore structure

specified notch toughness of HAZ. (welding heat input 75 K/cm)
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FUTURE DEVELOPMENTS JISI, vol. 203 (1965) P.1108.
10. H. Sekine, T. Maruyama, Sekiguchi, and Ohno:

The use of microalloying elements in coordi- Tetsu to Hagane, vol. 56 (1970) P.569.
nation with plate manufacturing processes will 11. R. Philips, W. E. Duckworth and P. E. L.
be an important point in developing new steel Copley: JISI, vol. 202 (1964) P.593.
plates for HSLA steels that are expected to 12. Omori: Nihon Kinzoku Gakkaishi, vol. 30 (1966)
operate in environments of ever increasing P.1664.

severity. Subjects of future research and 13. J. J. Irani, D. Burton, J. D. Jones and
development in this respect are as follows: A. B. Rothwell: ISI Spec. Rept., vol. 104

(a) Better understanding of microalloying (1967) P.10.

elements on formation of high carbon martensite 14. Goda. Gondoh. Kimura, Hiyoshi, Yonai and

in HAZ Masumoto: Patent (JAPAN) Tokugansho 38-2228

(b) Promotion of development of steel plate (1963).

that contains IFP, formed from oxide nuclei, 15. Y. E. Smith, A. P. Coldren and R. L.

in HAZ Cryderman: Toward Improved Ductility and

(c) Promotion of research on effective utiliza- Toughness (1972) P.119.

tion of microalloying elements in TMCP tech- 16. H. Nakasugi, H. Matsuda and H. Tamehiro:

nology, rolling and cooling steps in particular Proc. Intntl. Conf. on Steel Rolling (1980)

(d) Development of higher strength steel for P.1028.

lower temperature service through application of 17. S. Kanazawa, A Nakashima, H. Mimura, K.

combination of TMCP and microalloying Yamato, K. Okamoto, Y. Hagiwara: "Development

(e) Development of steel for welding with high of new steels for high heat input welding",

heat input and with high HAZ notch toughness IIW (1976) IX-952-76.

through application of combination of TMCP and 18. C. Thaulow, A.J.Paau and A.Gunleiksrud: Metal

microalloying Construction,vol. 17, No.2 (1985) P.94R.

(fM Development of sophisticated metallurgy 19. K. Uchino, Y. Ohno, S. Aihara, T. Haze, Y.

to predict an optimum design of chemical composi- Hagiwara, K. Horii, Y. Kawashima, Y. Tomita,
tion and production process for required proper- R. Chijjiwa: "Development of 50 kgf/mm

2

ties. class steel for offshore structural use with
superior HAZ critical CTOD" Fifth Int.

CONCLUSIONS Conference on OMAE, Tokyo, vol.2 (1986),P.373.
20. T. Haze, S. Aihara: "Metallurgical Factors

The manufacturing technology and proper- Controlling HAZ Toughness In HT 50 Steels",

ties of steel plates for arctic offshore struc- 11W (1986), Doc. XI-1423-86.

tures have been overviewed with attention mainly 21. S. Aihara and T. Haze: "Influence of high-

focused on the microalloying elements and TMCP carbon martensitic island on crack-tip open-

technology. The TMCP technology is extremely ing displacement value of weld heat-affected

effective in securing the desired strength and zone in HSLA steels", 1988 TMS annual Meeting,

toughness of base metal and welded joints, and Jan. 25 (1988).

titanium and niobium are added as principal 22. T. Haze and S. Aihara: "Influence of tough-

microalloying elements to improve the strength ness and size of local brittle zone on HAZ

and toughness of base metal and welded joints. toughness of HSLA steels, Seventh Int.

These benefits are accomplished by various Conference on OMAE, Houston, Feb. 7 (1988

steelmaking process techniques. 23. T. Haze, S. Aihara and H. Mabuchi: ClM Conf.

To develop steel plates for offshore struc- on Accelerated Cooling of Rolled Steel

tures to be built for service in punishing sub- (1987.8.23), Winnipeg/Canada.

arctic and arctic seas, it will be necessary to 24. Ohno, Okamura, Uchino, Yamamoto, Matsuda,

utilize the combination of TMCP and microalloy- Ikeda and Sato: Seitetsukenkyu, vol. 326

ing for achieving higher strength and better (1987) P.45.

toughness and to develop economical processes 25. Y. Ohno, Y. Okamira, K. Uchino, S. Yano and

for manufacturing such steel plates. S. Matsuda: "Development of Low Temperature
Use Steel for Large Heat Input Welding"
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WELDABILITY OF STEELS FOR
OFFSHORE STRUCTURES

P.H.M. Hart
The Welding Institute

Abington Hall
Abington, Cambridge CB1 6AL, UK

INTRODUCTION TRENDS IN OFFSHORE STEEL COMPOSITION
AND MANUFACTURE

The use of offshore structures for the recovery
of hydrocarbons can be traced back for at least In considering the weldability of steels for
40 years and certainly prior to the first intro- offshore structures and the changes that have
duction of microalloyed steel. The demands on occurred, it is essential to note the trends in
the weldability of steel imposed by the early steel composition and production methods that
offshore developments, which were in locations have also taken place since the link between
of relatively easy climate, for example the Gulf weldability and composition in particular is
of Mexico and the Middle East, were very small, very strong. While the trends in composition
However, when offshore hydrocarbon production will also need to be assessed in relation to
extended to the higher latitudes of the North each weldability topic, general trends can be
Sea, with its inclement climate, the demands on outlined here.
the weldability of the steel increased signifi-
cantly. Indeed, in the last 20 years or so of 160
successful production of oil and gas from the
North Sea, and more recently other hostile areas 120
such as the Arctic ocean, the development of
steel for construction of offshore structures U 1981
particularly of the fixed type has become r 30 -
increasingly weldability-led. During this time
span the aspects of weldability receiving the c4
attention of steel producers, designers,

fabricators and users, have shown notable
changes in emphasis. The paper will consider
these changes together with the current state of 0002 0.X4 0.006 0.008 001 0012
weldabillty of steels for offshore structures (a)
and finally will examine future needs. The
principal aspects of weldability in relation to
fixed offshore structures which have been, and S P N 0 H
need to be addressed are lamellar tearing,
hydrogen cracking, heat affected zone (HAZ) and

weld metal toughness and HAZ hardening behav- 1984 20 150 100 2
iour. Other aspects of weldabtity such as HAZ

liquatlon cracking, or solidification cracking 1990 10 15 35 20
will not be considered since they have not been

significant problems. Moreover the topic of Long term
local HAZ corrosion, not commonly referred to as (b) 45

weldability, will also not be covered as general
experience is not indicative of a problem
provided cathodic protection systems are
operative. Before discussing the principal items Fig I: Trends in impurity elements in
of weldability mentioned, brief attention to microalloyed C:Mn steels (a) after Kirkwood
change in steel compositiens is necessary. (62), (h) after Fitzgerald (63).
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The early offshore steels were no different 0.10% for normalised steels, and lower for
to structural steels of those times, ie they controlled rolled and accelerated cooled
were generally semi killed C:Mn materials with, material.
by today's standards, high levels of carbon (-
0.20%) and impurities, particularly sulphur, say 2. Reductions in impurity elements particularly
0.03% as a typical value. Through the years sulphur, phosphorus and nitrogen, see Fig I, and
since early offshore developments took place we oxygen levels.
can see carbon and carbon equivalent (CE)
(unless otherwise specifically mentioned the 3. Steady reduction in Nb levels. Fig 2 indi-
most widely used IIW formula is referred to ie cates the trend in earlier years while since

n1980 maximum levels have further fallen as
CE = C + -n + - 5-- - -+ Nl

+ 
Cu) specifications calling for 0.025%(l) and even6 5 15 0.020%(2) have been increasingly appearing.

levels have fallen dramatically. A significant
step in this direction was taken in the early 4. Additions of Ni and Cu typically at approxi-
days of microalloying by the use of Nb additions mately 0.2% each although some producers replace
in normalised steels, although microalloying the Cu with Ni.
additions were often initially viewed as a means
of obtaining increased product strength without 5. Ti treatment.
raising steel carbon content. Additions of typi-
cally 0.03 to 0.06%Nb became a common ingredient 6. Ca treatment.
in normalised steels of around the 350 N/mm2

yield strength level so typical for fixed off- 7. Reduction in CE level largely through the
shore platform construction. The use of such Nb reduction of carbon content. Figure 3 gives some
additions allowed small reductions in carbon and indication of the trend and to Rome extent this
CE to take place helping steel producers to meet is continuing, particularly of course, through
ever increasingly stringent maximum CE levels in the use of accelerated cooling.
steel specifications. Recent years have seen the
introduction of continuous casting, which has 125
brought another variable into the weldability
arena, and the increasing use of accelerated 100
cooling, which has allowed yet further re-
ductions in plate carbon and CE levels while 75
maintaining or improving mechanical properties. C

_ 501

I 
25[

1981 /q' /\\ 17W Production I \Production
z/ \ \P032 0.34 036 0.38 0.40 042 0.44 046

, " 
1lWCE

\ I

/ Fig 3: Changes in carbon equivalent level in
production of C:Mn:Si:Nb:Al steels Cafter

O.01 002 003 0.04 005 00 007 Kirkwood (62)).

Nb, % A feature of steel processing which has
changed very remarkably during the past 2(1 years

Fig 2: Changes in nioblum level in the is the wide spread introduction and use of
production of C:Mn:Si:Nb:Al steels (after continuous casting. The relevance of this change
Kirkwood (62)). to a consideration of steel composition is the

marked influence on variations in composition
There have been many changes in the through a plate thickness arising from the

compositions of offshore steels during the last generic problem of centreline segregation. The
20 years and these have been predominantly in local increases in C, Mn, Nb and phosphorus in
relation to steadily increasing property particular can be quite marked conferring
requirements, particularly weldability different and generally deteriorated weldahility
development. There has been and still is a on local regions of steel plate (3).
continuous evolution of these steels, but the Developments in continuous casting techniques
principdl composlr.Aonal trends and cuanges can have provided a significant improvement in
be identified as: respect of this aspect but while the dark

etching feature so typical of the continuous
1. A reduction in carbon content to typically cast plates in the 70s and early 80s (Fig 4) is
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less obvious today, the problem can still be a to the problem of lamellar tearing, even in
cause of deterioration in weldability. highly restrained joints, is now widely avail-

able. To all intents and purposes lamellar
tearing is now only an historical problem and no
longer appears as an item on a modern list of
weldability aspects of concern in steel for off-
shore structures.

However, while a low sulphur level undoubt-

edly brings with it many other advantages for
the properties of steel and welded joints, it
seems as if the presence of sulphides may also
sometimes have beneficial roles to play (5) and
their reduction has not always been viewed as
universally beneficial in respect of weldabil-
ity. One aspect of weldability where an adverse
affect from cleaner steels is sometimes attri-
buted is in the field of HAZ hydrogen cracking
and hardening.

HYDROGEN CRACKING

As an aspect of weldability the problem of under
bead, hard zone, cold, delayed, restraint, or
simply HAZ hydrogen cracking can probably claim
to have been the longest and most widely studied
problem in welding ferritic steels. In terms of
its role as the most common cracking problem and
the dominant contributory part it can exert in
initiating catastrophic brittle fracture and
fatigue failures, this extensive study is under-
standable. As the various names by which this

Fig 4: Appearance of dark etching centre line form of cracking is som-imes uescribed imply,
segregation, many facto- : re involved in its occurrence, but

simply expressed it occurs under tie combined
simultaneous presence of:-

LAMELLAR TEARING
Sufficient hydrogen

Muring the 1960s and early 1970s lamellar Hard HAZ microstructures
tearing was a major problem for structural steel Tensile stresses
fabricators, occurring in those joints experi- Temperatures near to normal ambient (20°C)
encing the through-thickness strain that puts
them at risk. For the offshore industry with its The role played by the steel in this list
high level of ultrasonic inspection, lamellar concerns the effort to avoid the formation of
tearing was occasionally a devastating problem the necessary predominantly martensitic
hecause of a severe impact on construction times microstructure in the HAZ, For very many years,
which were necessarily particularly constrained as a generalisation, it has been known that the
by the need to meet completion for launch during risk of HAZ hydrogen cracking can be reduced by
suitable weather windows. Extensive research in limiting thcse elements in the steel which
the late 60s and early 70s demonstrated the dis- increase the tendency to form hard predominantly
astrous effect that type II MnS inclusions had martensitic microstructures in the heat affected
on through-thickness ductility (4). The develop- zone. For a long time too, the major elements of
merit of lamellar tearing resistant plate that concern have been grouped together to include
followed largely depended upon the obvious their influence relative to that of carbon, in a
benefit of reduced sulphur levels. Since another carbon equ.valent formula of which the most
oil industry cracking problem, that of hydrogen widely used is the IIW
induced, pressure, stepwise or blister cracking Mn Cr+o+Cu
was also becoming endemic in wet/sour environ- (C + - + 5 - +
ments at the same time, and was also found to be 6 5

Improved by a reduction in sulphur levels, the Hence, In a general sense, steel development for
incentive for the steel industry to introduce improved resistance to HAZ hydrogen cracking has
clean steel was very considerable. Gradually the been aimed at lowering the CE value of the steel
steel industry responded, and of course today's composition. The formula clearly shows that a
steel of the necessary extra low sulphur level, reduction in carbon content is the most effect-
of about 0.005% and below to provide resistance ive means of lowering the CE value. However,
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reductions in carbon have to be achieved while However, as recent studies and their formulae
maintainin plate yield strengths o the order (11,12) have indicated, the complexities of the
of 350N/mm and it is in that area that major
steel developments have taken place, as de- 12 I , -, ,,

scribed in Section 2.
o TW/I1

What is the effect of the changes in steel + Boothby
composition considered in section 2 on HAZ
hydrogen cracking behaviour? Certainly during 70

the last five to eight years there have been a
number of reports and publications claiming that 9
many of these trends in composition and process- 0

ing have had an adverse effect on some aspect of 0 0
'6weldability particularly hydrogen cracking and Q"0

HAZ hardening behaviour (6,7). Even a few years
ago, however, in a study of several modern off- 7 +

shore steels, Boothby found no evidence for an + +
adverse influence of modern against older 6 + + +

steels. He did however find that there was no
improvement and possibly some deterioration in 5
resistance to cracking as the carbon equivalent
decreased from 0.43 - 0.36.

z 4 0 o 0 0

Over the last few years at the Welding Is 0
Institute several modern structural steels 3 o 0 0
covering the CE range 0.30 - 0.45 have been

examined. The results of these studies are 0 o

presented in Fig 5 together with the data from 2

Boothby's study. In any such compilation of data I
the inherent scatter in welded hydrogen cracking I
tests must be recognised and taken into account.
Moreover even in one laboratory the 0
reproducibility of the two parameters in the 030 032 034 036 038 040 042 0.44 046
figure could, at best, be of the order of 1 0.5
secs and ± 0.15 CE. Bearing this in mind, the 11WCE
trend in the figure can clearly be seen, over
the wide range of CE for which data are
presented, to be for a reduction in the risk of Fig 5: Current CTS results on modern C:Mn
cracking as the CE level is decreased. In steels. Critical cooling time for weld hydrogen
general this is supported by industrial level of - 10-12 ml/100 g deposited metal.
fabrication experience for such steels.

subject are such that further investigations are
At the same time, some of the changes in most unlikely to lead to a simple parameter if a

composition, particularly the increased cleanli- significant reduction in scatter is to be
ness, can give rise to a greater than expected sought. The principal message however is clear,
HAZ hardening characteristic - see next section that overall, the present trend in steel compo-
- and certainly as the carbon decreases there is sition is beneficial for the problem of HAZ
a trend for cracking to occur at lower HAZ hydrogen cracking.
hardness levels, ie for critical hardness levels
to decrease, compared to the experience with the Hydrogen embrittlement and cracking is not
higher carbon steels of the 60s and early 70s exclusive to the HAZ and can also occur in weld
(8-10). For example in a steel with 0.187 C and metal. In general, in the past, welding proce-
a CE of 0.44 the critical hardness may be about dures to avoid HAZ cracking were adequate to
420 HV, while in a 0.07%C, 0.30 CE steel protect the weld metal. However, the downward
cracking may occur at HAZ hardness nearly as low trend in CE, while improving the resistance of
as 300 HV. Collectively these features of in- the HAZ to hydrogen cracking and lowering the
creased hardening and lower critical hardness, protection it needs, has not helped the weld
especially when present together, can mean some metal. In practice there are now several fabri-
locally increased tendency for cracking behav- cation situations where weld metal hydrogen
iour and that may account for some of the cracking is more likely than HAZ cracking, and
scatter in the diagram. Of course it is almost this is particularly so at higher heat inputs,
certain that the scatter can be reduced by the for example with submerged arc welding, which
derivation of a better descriptive compositional significantly softens the HAZ while having
parameter than CE, and future work at The relatively little effect on weld metal hardness.
Welding Institute will be exploring this aspect. The form of weld metal cracking most commonly
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observed is transverse and angled at approxi- meter of numbers of particles (19). The absence
mately 45° to the weld surface, Fig 6. It can be of an effect in a few specific studies (14,20,
very difficult to detect, particularly because 21) in certain steel compositions may be linked
of its orientation, unless appropriate ultra- to other factors not yet identified.
sonic inspection techniques are used (13).
Despite significant reductions in consumable In practical terms this effect of cleanli-
moisture content, the problem still occurs ness on HAZ hardening and hydrogen cracking is
intermittently, sometimes with very major impact generally only small but individual cases have
on production schedules and costs. To allow full occasionally reported large effects with major
economic advantage of the low risk of HAZ fabrication difficulties, eg (22). In general it
hydrogen cracking offered by today's low CE seems that practical difficulties only arise
steels, further work is required both to care- when a change in steel cleanliness coincides
fully define the need for and level of preheat with the use of previously satisfactory proce-
as a function of hydrogen level and welding dures which had a very small margin of safety in
procedure to prevent weld metal hydrogen respect of meeting HAZ hardness requirements or
cracking, and to obtain even lower weld hydrogen avoiding HAZ hydrogen cracking. Moreover the
levels from improved consumables, reported incidence of problems was greatest only

during the several years of transition from less
HAZ HARDENING clean to today's very clean steels. Now, with

many years experience of welding clean steels,
There is little doubt that under some circum- this aspect is far less, if at all, a practical
stances the cleanliness of a steel ie the number problem especially when balanced against the
of oxide and sulphide particles present, can vast array of improved properties associated
influence the HAZ austenite to ferrite trans- with cleaner steels.
formation in such a way that a reduction in
numbers of these particles can result in an Of course with the trend to reduce carbon
increased hardening and hence HAZ hydrogen contents, maximum hardness levels obtainable in
cracking tendency (14). Bearing in mind the HAZs are lower as a direct effect of carbon on
established influence of second phase particles, martensitic hardness. However, the rate of
particular oxides (15-17) but recently sulphides softening of modern steels with increased heat
(18), on austenite decomposition in weld metals input may not always be as great when compared
I an effect in the HAZ is not metallurgically with older steels, particularly if compared
surprising. The reported variability in HAZs is using just the simple CE IIW formula. Part of
clearly in large part linked to the lack of the reason for this may he related to the infiu-
correlation between weight percent of oxygen and ence of other elements not included in the

formula, such as boron, and their interactions
with changes in nitrogen and aluminium levels
(5,12,23), while part of it mn. be the need to
use more specifically designed compositionalii~U 4,.* parameters eg those recently proposed by Nippon

.- Steel or Mannesmann (12,24) for describing HAZ
hardening behaviour in carbon manganese micro-
alloyed steels.

WELD METAL TOUGHNESS

In the early 7ns weld metal deposited by most of
the processes used in offshore platform con-
struction, principally nanual metal arc and

!L. suhmerged arc, produced relatively inferior as-
welded levels of toughness, sometimes requiring
costly post weld heat treatment (PWHT) to
provide adequate fracture resistance, parti-

cularly for the critical node regions (25).
Extensive stt-dy of factors influencing weld

e_ metal toughness which was taking place in the
late 70s and early Bs highlighted the role of

K ""oxygen level and inclusions on weld metal micro-
structure development and toughness. Continued
study demonstrated the interaction of steel
composition with weld metals particularly for
the high dilution submerged arc process, which

Fig 6: Example of 450 or 'chevron' cracking in is widely used for the manufacture of tuhulars
C:Mn submerged arc weld metal, for platforms. These studies (26-29) showed that
sulphur and the metallirgically important para- weld metal toughness was very strongly influ-
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enced by aluminium content, Fig 7, when using HAZ TOUGHNESS

basic fluxes, which are widely employed for

obtaining the required toughness levels. Indeed Concern over the problem of brittle fracture in

it is now well established that in general the offshore structures operating in the North Sea,

optimum aluminium level decreases with decreas- perhaps highlighted by the failure of the
ing weld metal oxygen level and hence the "Seagem" in 1965 and the gathering pace of
tolerance to aluminlum, which can be derived development in the late 196

0
s and early 1970s,

from parent steel by dilution, is lower with the prompted extensive European studies of HAZ
lower oxygen level of basic fluxes. Practical toughness in offshore steels (32,33). Those

problems in obtaining required weld metal studies generally found adequate levels of
toughness levels were experienced in several toughness provided heat inputs were within the

projects when plate aluminium levels rose sign- range 1.5 to 4.0 kJ/mm. However, in the 8
0
s an

ificantly above about 0.04%. Similar problems increasing incidence of low levels of HAZ
have been reported and observed in line pipe toughness, particularly CTOD fracture toughness,

manufacture (30). However, in general, at the were experienced. Moreover the experience was
present time, weld metal toughness is not a not confined exclusively to the high temperature

major problem for this fabrication type (for grain coarsened region in the as-welded con-
minimum design temperatures of -l0°C) largely dition. These findings introduced a period of

because of the successful consumable develop- intense study of HAZ toughness, and in the last
ment, and, particularly in relation to the use five years have possibly provided the dominant
of self shielded consumables, the knowledge driving force for steel development for this

gained in respect of procedural requirements to market.
obtain adequate toughness (31). Lower design
temperatures and a possible increased usage of Extensive studies of the effect of many

gas shielded tubular wires are likely to require factors on HAZ CTOD fracture toughness including
further development however, steel composition, welding procedure, peak temp-

erature on reheating, the proportion and size of

brittle regions in multipass welds etc, have
been carried out (34-38). To a large extent, but

60[ not exclusively, sJ sometimes misleadingly
x Al from ploe simplified, the problem has been found to he one

. Al from wire X of initiation of cleavage fracture from the
40 oAlfromwire nd plat intercritically reheated grain coarsened (ICGC)

HAZ region, at least in the as-welded condition.

In the post-weld heat treated condition

20 o o initiation is usually from grain coarsened HAZ
which may or may not have been sub-critically
reheated (SCCC).

0

0 These regions are quite small and hence

have given rise to the term "local brittle

zones" (LBZ). However it should be recalled that

S-20 both HAZ fracture toughness testing in the past
and failure analysis have shown fracture can
initiate from small local zones of poor

_ toughness and in that sense LBZs are not a new
3 phenomena. Nor indeed, as recent work has shown,

are they especially associated with modern

0 steels (39). Moreover recent wideplate testing
-60 (40) indicates they can be structurally signifi-

o0 0 cant when welded joints, with crack tips located

in such regions are highly stressed at minimum

-80 design temperatures. That the recent hist-ry of
* offshore structures is essentially free of

L brittle fractures is largely considered to be a
0 0.02 004 006 reflection of the low probability of a simul-

Total Al content In weld metal, % taneous occurrence of all factors necessary to

produce a fracture, ie high load at low temper-

ature in a cracked joint such that the crack tip

is in a region of low toughness, rather than an

Fig 7: Effect of weld metal Al content on indication that low CTOD values have no struc-

charpy hydrogen in submerged arc welds made with tural relevance at all (41,42). However, the

a basic flux (26). subject is highly complex since concern relates
to muitipass welds mainly, with the attendant
multiplicity of thermal cycles and micro-
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structural regions, and to an understanding of In general it is found therefore that
properties in both the as-welded and post-weld toughness is deteriorated by increasing heat
heat treated conditions. Hence it is very input, arising largely as a result of coarsened
important that studies are, in the large part, microstructures, ie a larger effective colony
conducted on multipass welds which need to be size as the austenite grain size increases and
carefully monitored in respect of their larger M-A and carbide phases. Compositional
consistent production of microstructural regions factors leading to a decreased hardness, often
of concern eg ICGC HAZ, and which require a expressed as decreasing carbon equivalent, have
post-testing examination of the fracture also been found to increase toughness, over the
initiation region and of regions sampled by range applicable to C:Mn microalloyed steels.
fatigue crack tips. Two recently published However, as the work of Nakanishi shows (45)
specifications recognise this and provide such relationships, Fig 8, are rarely linear,
helpful guidance in this difficult area (43,44). and if the carbon equivalent, or perhaps carbon,

drops too low in this family of steels,
From the studies that have been carried toughness can deteriorate again, since the

out, and are still in progress, it seems that effective grain size starts to increase. While
the basic factors influencing HAZ toughness are niobium microalloying is clearly advantageous
the principle factors which influence cleavage for development of excellent plate properties,
fracture in ferritic materials, ie effective many studies (37,46-48) over the years have
grain size, yield strength, and extent and size indicated that decreasing niobium levels, at
of microcrack initiators. Thus toughness is least for medium to high heat inputs, is yet
improved by: another way to improve HAZ toughness. This

largely arises from a reduced HAZ hardness or
Lowering the matrix hardness or yicld yield strength at lower niobium levels. In the
strength effort to obtain improved HAZ toughness, with so
Reducing the effective grain size many factors influencing it, each possible

improvement contribution is likely to he used
Reducing the size and extenL of microcrack and so typical niobium levels are still falling
initiators eg carbides, M-A (martensite- today with 0.010 to 0.0l5X becoming increasingly
austenite) and inclusions. common, particularly in accelerated cooled

plit-. The epx-t t to which these lr.'r lev s
of Nb are just a re'lection of improved
toughness is unclear, since with improved plate

0 processing, especially accelerated cooling, the

required Nb levels to attain present plate
50- o properties are also falling. Hence it is likely

that the observed trends in Nb level reflect
many factors, of which improved HAZ toughness is

just one.
25- 0

As mentioned Tbove one of the regions of
o low toughness is the ICGC HAZ and studies have

shown the low toughness to be due to the detri-
% 0 0 0 m e n t a l e f f e c t o f s m a l l a r e a s o f " i s l a n d

0 martensite" or M'-A formed from original high

, carbon austenite regions and then acting as
Ip c rack in itia to rs . Fac to rs in fluenc ing M- A

-25- formation have been investigated (37), and work

0o o 

is not always formed in modern steels, 
pearliteat the Welding Institute (49) has shown that M-A

sometimes being the type of microphase developed
-50 (Fig 9). There is some indication that although

an ICCC HAZ microstructure containing pearlite
may be of lower toughness than its corresponding

less less harmful than M-A. Further study is025 030 035 040 needed to confirm this and to determine the
, alloying features which contribute to its

CE=C Mn. (u N) (Cr+Mo.V), % formation rather than to the formation of M-A.
6 15 5

To somo extent the centmelite segrepation
aspect of continuous casting has aggravated the

Fig 8: Effect of carbon equivalent on IIAZ CTOI) HAZ toughness problem by locally raising micro-
fracture toughness (after Nakaniski et al (45)). structural hardness. In addition 'Metz et al (50)

have associated reduced Charpy toughness after
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PWHT, especially at mid thickness of concast levels to continue. This will benefit avoiding
plates, with segregation and increased HAZ cracking, meeting HAZ hardness requirements
phosphorus levels. A possibly related aspect and HAZ toughness. However, as indicated earlier
which has come to light is the significant in Fig 8, we cannot expect lowering CE to
tendency for low toughness after PWHT to be continue improving toughness regardless, since
associated with the formation of intergranular if the hardenability is too low coarse micro-
fracture facets (51,52). The most likely cause structures develop with a consequent reduction
of this is from the locally enhanced phosphorus in toughness. There is an additional factor
levels, producing some type of temper embrittle- which may limit the extent to which continued
ment, although further study of this is reduction of CE levels will always lead to
required. improved HAZ fracture behaviour and that relates

to the possibility of developing softened HAZ
FUTURE TRENDS AND REQUIREMENTS regions. Recent wideplate studies of high

strength steels (53) indicate that these can
There can be little doubt that fabricators and show unexpectedly low strains to fracture and
users will continue to demand material of even this has been attributed to the development of
better weldability than the present day, already undermatching strength regions in the HAZ. With
substantially improved materials are offering, very low CE C:Mn steels of approximately 350

N/mm
2 

yield strength, corresponding low strength

HAZ regions may develop, (54) especially at high

welding heat inputs. A point to note is that
this behaviour may not be apparent just frois

CTOD) fracture toughness testing and could
require wideplate testing to identify it.

However, useful improvements in HAZ toughness,

especially for North Sea design temperatures,
have already been obtained and this softening
aspect may he some way off yet, in terms of

lower CE, for the 350 N/m
2 
strength steels.

Impurity levels are already low in this
class of steel hut at least in respect ,f HL7Z

toughness benefit can he expected by -urther
reductions both in nominal phosphorus levels and

especially in the extent of segregation, so as
to reduce the incidence of intergranular
fracture in the centre segregation region of
continuous cast plate materials after post weld
heat treitment. No adverse effect of reduced
phosphoros level is envisaged, however far it is
taken, except for a small penalty in plate

strength.

Fig 9: SEM micrograph of pearlite in [CCC HAZ The same cannot he said in respect of
(after Sparkes (49). nitrogen since continued reduction as with CF

may not always result in improved HAZ toughness,
Creater ease in avoiding cracking and as continued reduction in nitrogen may also be

producing soft and ductile HAZs will be required associated with adverse aide effects, eg a
together with a great consistencv of properties reduction in austenite grain growth resistance
through a plate, from plate to plate, and from In the high temperature HAZ ari ;ing from fewer
heat to heat. A need to obtain adequate or less optimum sized nitrides. As is the case
toughness both at higher heat input welding with TIN steels, where an optimon non-zero
conditions and at lower minimum design nitrogen level exists, (55) so even for Al
temperatures can also be envisaged, treated steels too low a nitrogen level could be

a disadvantage.
How will these demands be met and are

current trends in the right direction? At least An element which has received relatively
in a general sense further improvement can be little attention, at least in this class of

obtained by lower carbon and carbon equivalent steel, is silicon. Haze and Aihara (37) indicate
levelp, and it seems that there will be furtler that, for the [CCCHAZ its detrimental effec-t is
use of the cheapest "alloying element" - water - similar to that of carbon, while Kinaka et al
through the wider and more effective use of ac- (56) indicate optimum levels may he as low as
celerated cooling techniques to maintain parent around 0.15;'. Certainly further research into
material strength and toughness levels while this element seems warranted especially where
illowing this trend to lower carbon and CF, the loss of strength at such low levels can be
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accommodated by the use of less embrittling ele- development of finer micros tructures. Whether
ments. According to Haze and Aihlara, these could this feature can he utilised to improve HAZ
he Mn, Cio or Ni all having a CTOD deterioration toughness, while maintaining required plate
factor significantly less than that of Si. mechanical properties without additional

alloying, remains to be seen.
.Just as in their own way the introduction

of microalloving, controlled rolling and accel- SUMMARY AND) CONCLUDING REMARKS
erated cooling can, with hindsight, be seen as
step changes in our development of more weldable Over the history of steel construction for
steels, the next step change is probably just offshore oil and gas production, weldability of
appearing on the commercial horizon. To aid the the steel has changed from a near non-
current weldability topics of HAZ hydrogen requirement to a primary property specification,
cracking, hardening and toughness, the common as important as the steel strength and tough-
metallurgical requirement is for the development ness. To meet this changing situation, major
of HAZ microstructures of low hut adequate yield developments have taken place in steel making,
strength, yet of fine grain size. Reduced CE (or steel compositions and steel processing
Pen or CEN or any parameter chosen to assess techniques. Early developments were particularly
a'l'wing) is beneficial for reducing hardening focused on the problems of lamellar tearing and
but this doe,; little for the production of a PAZ hydrogen cracking and produced substantial
fine ferrite grain size. Man-v years ago efforts reductions in sulphur and carhon levels in
were made ti reduce the dlamaging aulstenite grain particular. The improvement in cleanliness has
growth that occtirs in the high temperature PAZ heen so extensive and widespread that lanel tar
he thfe I;se of TiN particles (57) and hence tearing is no lunger a fabrication problem in

! oVe 10 P a fin I rt ra nsfo r med ni C ros t ructiure. tlii s indus try. The reduc tior. in carhon, and
FxnTr i ence to dI I I osie, V)'- 15 vea rs on f rom the carbon equ ival1 ent , hrough r about by micro-
earl ier devel opmentsr , still me e ts w it h o 1% al Io i ng, improved process ing of normailised
l,.i Xed suILCcess either in te~-is, iif significant steels, and more recently accelerated conlino
con trol if ios ton ito or ferrite gri in size. This have, together wi th improved consiimahles , led tn
is hecanus.', i ridoI ,- ti o n oif thell reili i red T i -a ;igni ficant overall rediict inn in the potential

npti l id 71i oteleneP of then through for PAZ hld rigen cracking, despite any adverse
sobsqeul stiel proces;sint, i-icliiinQ Twelding, effect on hardenahility f rom the increased
i I,;,r -iI vt ver v d i ffi c I I Ir t I hoI IgIIi i Ipr, env CIPean Irime ss9. However, the fulI I eco nor.i c advan-

'ntr is 'o iII, )hta i nod. tago, in terms of absence oif prehleat, offered hy

verv low,. C": selFor the ivo idan'-e of AZ
W-iel "i i I ' I -rist ri toiris f ro,- ,1 moder hvd rogen k-trmcki Ti s,, caIn n ot al Iwa vs he i Ised

II ,nn;"al' i: in i ll c gm train fe rr ite sice r,,leit is s omet imes ;till reiquir,-d t,,

sruetuire,; r I i ite ro ie iT, f pr jetiie.-il pro tec t t !(':, -n, mtial f rom led roneri -'r a ck n,
' o i l t 1' tatI i i i c Io I i'. 1', 1) v the esqPee " 1 I I' ill t hi ck sect ion io i -1t q
n c' re nt ,i le I r i c Is t ,i ptrov%,i le 1'a rt ii,

ic ros t r I et Iiral ,Ilt nil (I'l). These fine, InI tihe :,risent deca-de, deeIn )PIct I

.'ic roist ritir ii re II, l've Ipid not he, t-iein ipoeclh I IaiitV Ila; p~ri AhI'.' heenl pti-natilv
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further developments, of which the use of 15. Ito, Y. and Nakaniaki, .4., Sumitomo Search
controlled second phase particles, particularly No 15 27-47, May 1976.
oxides, giving particle microstructural control
(PMC) to produce fine transformed ferritic HAZ 16. Cochrane, R.C. sod Kirkwood, P.R. Trends in
Microstructures is probably the most promising. Steel and Welding consunabies for welding.
This high level technology will he difficult to Int. Goof. London Nov. 1978.
implement but it can be expected to also provide
benefits in other areas of weldahility including 17. Abson, D.J., Dolby, R.P. and Hart, P.H.M.
HAZ hydrogen cracking and hardening hehaviour as ibid.
well as aiding achievement of good HA7 and weld
metal toughness of joints made by the priori- 18. Oham, M. and Homma, M. Improvement of EB
pally single pass, autogenous electron beam and Weld Metal toughness in Steels. Int. Conf.
laser welding processes. on Applications of Electron and Laser beam

ACKNWLFDGEMNTSwelding, Hartford USA, Sept. 1987.

19. Hart, P.H.M. Low Sulphur levels in C-Mn
The author gratefully' acknowledges helpful steels and their effect on HAZ harden-
comment from Drs T C Gonch and P L Harrison. ability and hydrogen cracking. Tot. Conf.

Trend in steel and consumables for Welding,
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DEVELOPMENTS IN THE WELDABILITY
AND TOUGHNESS OF STEELS FOR

OFFSHORE STRUCTURES

A. D. Batte, P. R. Kirkwood
British Gas Engineering Research Station

Newcastle on Tyne, UK

ABSTRACT dramatic days of North Sea exploitation was

comparatively minor, although the company had
been active in exploration and had for many

The economic achievement of improved years held interests in several oil and gas
combinations of strength, toughness and fields in the UK sector. However, a significant
weldability in offshore structural steels has change in the company's involvement was heralded
been an important aspect of ongoing research by the decisions taken in the latter part of the
and development during the last decade. 1970's to develop the depleted gas field at
Recent interest has concentrated largely on Rough as a storage facility and the Morecambe

the heat affected zone (HAZ) and its gas field on a variable loading pattern to meet
microstructure; in particular the dependence seasonal fluctuations in demand 1,2].
of weldability and toughness on weld heat Consequently, in the early 1980's British Gas
input, preheat and post weld heat treatment. rapidly achieved the status of a major offshore
Significant improvements in weldability have operator; some 100,000 tonnes of offshore
been achieved over the years through structural steel were purchased in the space of
reductions in carbon equivalent, but a a few years, to construct eight new steel
consequence of this trend has been a shift in offshore fixed platforms.
balance from carbon-dominated to alloy
element-dominated strengthening mechanisms in The involvement of British Gas as a user of
the steel, and the resultant undermining of offshore structural steel is still continuing.
the basis for the original relationships Work has commenced on two new platforms to be
between carbon equivalent and weldability. placed on the South Morecambe field and
The increased use of crack tip opening conceptual designs for development of the North
displacement (CTOD) testing in recent years Morecambe field are being evaluated. Against
has focussed attention on the occasional this background the present paper examines the
occurrence of very low CTOD values in heat implications of some of the changes in
affected zones, particularly if the crack steelmaking and steel processing technology
samples a sufficiently large region of coarse which have taken place to meet the stringent
grains adjacent to the fusion boundary, known design and commercial requirements of platform
as a local brittle zone (LBZ). Recent and construction in the UK Continental Shelf. The
ongoing research is directed towards particular viewpoint of the steel user is

characterising the extent to which such zones developed by examining two interrelated areas
occur and establishing their influence on the which are of continuing concern, namely the

behaviour of the welded fabrication as a control of the heat affected zone (HAZ)
whole. microstructure and its influence on weldability

and toughness properties.

THE DEVELOPMENT OF THE OIL AND GAS FIELDS in STRUCTURAL STEEL DEVELOPMENT

the North Sea commenced with exploratory
drilling and the first gas discoveries in the DESIGN AND CONSTRUCTION REQUIREMENTS - In

mid-1960's, and was followed by the common with those of many other offshore
development of the first major production platforms in UK waters, the fixed platforms

facilities In the early 1970's. The direct owned and operated by British Gas utilise a
involvement of British Gas in Lhe4e early and steel jacket manufactured from tubular steel
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members. The platform design must include equivalent* of the material; lower carbon

consideration of the air and sea temperatures, equivalent values generally lead to improved
the wave loading associated with wind speeds of resistance to hydrogen cracking, and careful

up to 200 km/h (120 mph) and the working life control of carbon equivalent has thus been of
of up to 40 years. major importance. Lamellar tearing, which can

occur due to the build-up of stress in the
The most basic requirements for through-thickness direction in the node regions

satisfactory behaviour of the tubular structure of a fabricated structure[l], is generally
are that it should possess adequate static controlled by minimising the extent of elongated

strength, particularly in the joint regions, manganese sulphide inclusions.
together with resistance to brittle

fracture[3-6]. The prevention of brittle These considerations have led over the
fracture initiation has traditionally been years to the development of specifications for
ensured by specifying a minimum Charpy impact normalised (air cooled) steels with a nominal
energy in the longitudinal, and later in the yield strength of -345 N/rmm

2 
(50 ksi),

transverse, orientations. However, the corresponding in the British Standard
increasing use of fracture mechanics analyses to BS 4360[12] to the Grade 50 strength level. The
assess fitness for purpose and acceptable defect same specified strength levels are also required
sizes, particularly in the weld zones, has after post-weld heat treatment in material
placed increased emphasis on measurement of greater than 50 mm (2 in) thick. Clearly the

crack tip opening displacement (CTOD). design and manufacturing requirements for

offshore structural sLeels necessitate careful

Fatigue resistance is also an important control of the balance between strength,
design requirement. Although more than 80% of toughness and weldability, taking into account
the structure does not see a significant fatigue the economic constraints and the requirements

loading[6] the highly stressed node regions for large tonnages of material.

require particular attention. The results of
extensive fatigue testing programmes[7], both on STRUCTURAL STEEL METALLURGY - The
laboratory test specimens and on full-scale metallurgical evolution of microalloyed steels
welded tubular joints, indicate that for cyclic in general and offshore structural steels in
endurances above about 104 cycles the fatigue particular during the last three decades is an
strength of welded joints is largely independent immense subject area. Since many excellent and

of the tensile strength of the parent material, detailed reviews of all aspects of structural
but is instead controlled by the joint profile steel development have bLcn published during
and the loading of the member. this tIme[3-6,8-10,13-271, the present paper

will not attempt to present a comprehensive
In addition to these basic mechanical picture but will instead highlight one or two

design requirements there are several specific specific aspects which are of particular

metallurgical requirements for offshore interest to the user.
structural steels, especially homogeneity,

weldability and formability[3-6,8-l0]. The significant advances in steelmaking

Homogeneity in this context describes freedom technology have come about as steelmakers
from harmful segregation, laminations, internal worldwide have invested heavily in new plant
cracks and unfavourable inclusion distributions, and facilities in order to meet the requirement

as well as isotropy of mechanical properties. for large quantities of high quality steel at

The need for formability relates to the an economic price[4,10,14,18,28-36 ) . Major
requirement to fora a large proportion of changes include the introduction of basic
structural steel plates into tubular or conical oxygen steelmaking (BOS), improvements in the

sections; in the early years this usually meant accuracy of process technology and reductions
that hot forming was necessary and that the in sulphur through the use of ladle

specified properties must be achieved entirely steelmaking. In the early years the quest was

through the normalising heat treatment carried for sulphur levels below 0.015% and the
out on completion of hot forming. Today most consistent achievement of such levels was

fabricators have adequate cold forming capacity difficult, but with combinations of preliminary

even for the thickest plates being fabricated, hot metal desulphurisation, BOS furnace
and controlled rolling is now becoming more desulphurisatio, and secondary refining,
wideiy uses for plates up to about 40 mm achievable sulphur levels have dropped

(1.5 in) thick. dramaticallyr371 (Figure 1) and sulphur 1L els

less than 0.002% can now be achieved if
It is essential that all the steel for required for particularly onerous applications.

offshore structures must be readily weldable. Similarly, phosphorus levels can now be reduced

Two aspects of weldability which have been of to less than -,0.005% by combinations of hot
considerable importance in the evolution of

structural steel specifications are resistance *In this paper carbon equivalent is defined by:

to heat affected zone hydrogen cracking and

resistance to lameliar tearing. Heat affected CE = C + Mn + Cr + Mo + V + Cu + Ni

zone hydrogen cracking Is linked to the carbon 6 5 15
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metal pretreatment, BOS furnace treatment and result of more efficient use of niobium, along

secondary refining. There have also been with closer control of the plate rolling

significant improvements in the control of the schedules, achieving the same degree of grain
process itself, such that the reliability and size control with less alloying additions.
controlled quality of the end product have However, there has also been a tendency to

significantly improved and the steelmakers now specify reduced niobium because of its suggested

have the ability to produce large tonnages of adverse influence on HAZ toughness[16,44,451;
molten steel to tight chemical specifications, as will be discussed in more detail later,
with minimal rejection rates. niobium is not always detrimental[37,46] and the

combined effects of niobium and other elements
Of perhaps even more importance than the on HAZ grain size control and toughness may be

changes in molten steel production technology more complex than they first appear.
have been the changes in casting process,

particularly the introduction of continuous Titanium, like niobium, exhibits a strong
casting. In the early 1970's the majority of affinity for several of the elements present in
steel plates were ingot cast, but by the late steel, and consequently can give rise to a wide

1970's continuous casting probably accounted variety of different effects. The principal
for more than 80% of UK plate production for influences are those involving nitrogen and

offshore construction. As the achievable carbon, either alone or in combination with

thickness of continuously cast slabs increased other elements. Comparison of the solubility
towards 300 mm (12 in), so the production of characteristics[47] of the various carbide and

heavier individual plates, up to -35 tonues, nitride forming elements (Figure 4) indicates
has become possible. Centreline segregation, that titanium and niobium can both be

particularly of carbon, niobium, sulphur, particularly effective ir. maintaining grain
phosphorus and manganese, were problems in the size control up to the melting point. If the

earlier years. However, careful control of titanium level is kept just below 0.02%,
pouring temperatures and solidification precipitation occurs after solidification and

patterns, including the use of electromagnetic the particles are extremely small. Titanium was

stirring, have enabled the control of not used in earlier years, apparently because
segregation to tolerable levels. Clearly, of problems with obtaining and retaining uniform

general improvements in steel cleanness, additions throughout the ingotF26,35,48].
together with the reduction in sulphur and Nevertheless steels containing titanium, often

phosphorus levels, have helped to minimise the in combination with niobium and vanadium, are
consequences of segregation in the final plate now finding applications in a number of

product. areas[26,29,30,35,41,42,49-51 particularly
where HAZ microstructure control during welding

One clear trend during the last two is important, as will be described in a later
decades has been the progressive reduction in section.

carbon equivalent in order to improve
weldability. For many years this was largely The trends towards increased steel

achieved by improving the effective use of plate cleanness and reduced levels of oxygen and
olling and heat treatment schedules, enabling nitrogen have enabled increased use of boron as

reductions in the microalloying element an alloying element in steelsF26-28,32,52-54].

additions. However, whilst these developments Significant changes in this respect have been

have yielu.2 z!gnificant benefits in improved the improved control of steelmaking practice
weldability without significant loss of which has enabled reproducible results from

strength, there is a limit to what can be boron additions, and the greater emphasis on

achieved if the steel is to be normalised after finding alternatives to other increasingly
rolling. The introduction of thermomechanical scarce microalloying additions. Small additions

controlled rolling processes in recent years has (up to 15 ppm) of boron can significantly

enabled the achievement of the same yield increase the hardenability of the steel,
strength at a significantly lower carbon provided that the boron remains active during

equivalent or of higher strength levels without cooling of the solid steel, having been
sacrificing weldability, (Figure 2). The most protected from combining with nitrogen and

recent developments include accelerated cooling precipitating at grain boundaries. Boron, like
immediately after controlled rolling stops, titanium, can have a significant influence on

improving still further the achievable the development of the parent metal

combinations of weldability and microstructore during plate processing, and can

strength[35,38-431. also have an impcrtant effect on HAZ
microstructure and properties during welding.

It is interesting to note that the level of

niobium has been tending to fall in structural AREAS OF UN GOING DEVELOPMENT; THE STRUCTURE

steel plates during the last decade; a AND PROPERTIES OF HEAT AFFECTED ZONES

comparison of steels produced in 1972 and

1981[371 illustrates that the niobium level has The preceding section illustrates

halved from <0.06% to <0.03% (Figure 3). It briefly that, compared witLh the original

appears that part of this change has been as a offshore structural steels used in the Nortli
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Sea, considerable improvements have been made equivalent materials are linked to the changes

in the combinations of strength, toughness and which have taken place over the years in steel
weldability which can now be achieved on a chemistry and to their effects on the HAZ

routine production basis. Notwithstanding this hardness level at which cracking occurs; this

apparently healthy situation, there is still hardness level is lower in steels with lower

scope for further improvements which can be of carbon equivalent[61,62]. The guidelines were

direct benefit to the constructors and operators originally derived using data from steels that

of offshore platforms. Current interest is contained generally higher carbon and niobium
principally focussed on the HAZ microstructure contents than are in use today, with little or

and its influence on weldability and toughness. no aluminium, and that were in some cases
semi-killed. In these older steels weldability,

WELDABILITY - RESISTANCE TO HYDROGEN hardness and steel transformation

INDUCED HAZ CRACKING - As was indicated earlier, characteristics were all dominated by the

weldability has traditionally been linked to carbon-based and niobium-based strengthening

carbon equivalent, and much steelmaking mechanisms, with comparatively small

development has therefore been directed towards contributions from other sources. In the more

decreasing the amounts of those elements which recent steels, however, both carbon and niobium

contribute to carbon equivalent. The contents have generally been reduced, and other

relationship between weldability, or more metallurgical influences such as grain size

specifically the resistance of the steel to (microalloying, aluminium/nitrogen ratios etc)
hydrogen assisted cracking, and carbon and steel cleanness (inclusion distribution)

equivalent is embodied in the procedures for are able to exert much greater effect in

safe welding contained in the British Standard determining transformation characteristics and

BS 5135[5&], the principal reference document susceptibility to HAZ hydrogen cracking[37,63].

for offshore fabrication in the UK sector. These influences control the degree of grain

boundary pinning at high temperature, the
Difficulties experienced by various extent of microalloy precipitation and solid

offshore fabricators[22] have suggested that solution strengthening during subsequent

these guidelines and procedures may not be cooling, and the nucleation and growth

satisfactory for normalised structural steels characteristics of the transformation product.

with carbon equivalents below about 0.40. In this situation it is hardly surprising that

Experimental work has confirmed that the the simple IIW carbon equivalent, or any other

anticipated improvements in weldability with carbon equivalent formula, is not sufficiently

reducing carbon equivalent are not always accurate to predict the behaviour of such

realised and, for the time being at least, it steels.

has been recommended[56] that procedures for
avoiding HAZ hydrogen cracking are based on a A further complication in the prediction

carbon equivalent of 0.40 minimum (or the actual of safe welding procedures to avoid HAZ

value if it is higher). hydrogen cracking has arisen with the
introduction of boron-containing steels. Boron

It has been suggested[57] that the in small quantities, particularly in

inconsistent weldability response of normalised conjunction with niobium or molybdenum,

C-Mn steel may be linked to the low sulphur significantly retards polygonal ferrite

content, particularly in some of the more modern nucleation at the austenite boundaries during

steels. Despite some conflicting reports in the cooling of the HAZ, allowing reduced

literature[41,57,58], it appears that low transformation temperatures and the development

sulphur per se does not have a systematic effect of tougher bainitic microstructures[26,52].

on weldability[59] (Figure 5). However, it may This increases the hardness of the

in some circumstances modify the inclusion microstructure and is usually countered in

morphology and distribution, and consequently practice by reducing the carbon levels. Boron

change both the austenite transformation is not included in the IIW carbon equivalent

characteristics and the availability of sites formula, but has been incorport-ed in the

for formation of molecular hydrogen. In a Pcm carbon equivalent developed in

recent re-examination[37] of some earlier work Japan[64]; however it appears that the original

completed by British Gas[60,61], it was seen factor of 5 was insufficient to account for the

that steels with greater than 0.10% sulphur were effect of boron at these lower carbon levels,

less hardenable (giving lower hardnesses for a and a higher fictor of 23 has now been applied

given cooling rate) than those with 0.002% to [54] to the 'effective' boron content (the
0.009% sulphur. These differences were probably uncombined boron, which is in turn dependent on
due to differences in the volume fraction of the amounts of nitrogen and titanium present in

fine inclusions, but nevertheless they did not the steel). It is possible that at very low
result in systematic differences in HAZ hydrogen carbon and boron levels the factor should be
cracking response. even higher.

It would appear that the observed The experiences with the low carbon
inadequacies of the BS 5135 guidelines in equivalent normalised steels, particularly the

defining safe welding conditions for low carbon recently developed compositions, suggest that
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it may be even more difficult to derive simple dilatometric and microstructural studies on a
guidelines for the safe welding of the newer range of steels with different carbon contents.
thermomechanically processed and accelerated A final line corresponds to the transformation
cooled steels. It is clear that developing a temperature below which Bufalini et al69] began
comprehensive quantitative understanding of the to observe toughness deterioration. These lines
weldability of these types of steels will be an delineate zones of carbon content and
ongoing problem for some time to come. transformation temperature within which each of

the microstructural constituents predominates,
TOUGHNESS - CONTROL OF THE HAZ and where major changes in toughness behaviour

MICROSTRUCTURE - Carbon content and cooling rate occur.
- The overall toughness of the HAZ is dependent
on the relative yield strengths and Figure 8b schematically shows sections
microstructure of the different regions in the through Figure 8a at three carbon contents to
zone and by their spatial relationship to one illustrate more clearly the corresponding
another. In a multipass weld, which may also be relationship between transformation temperature
subject to post weld heat treatment the and toughness. Considering first the high
complexities of HAZ microstructure (47,651 are carbon (0.21%) situation, good toughness cannot
immediately apparent (Figure 6). One area which really be obtained at slow cooling rates which
is often dominant in controlling toughness is the result in transformation above about 500'C, when
unrefined course grained region immediately the coarse grained HAZ microstructure is
adjacent to the fusion dominated by upper bainite, coarse side plates
boundary[16,18,19,37,66,67]. The microstructure and occasionally polygonal ferrite. At faster
in this region is primarily dependent on the cooling rates a gradual transition to lower
chemistry, steel cleanness, austenite grain size bainite takes place. Unfortunately lower
and cooling rate through the transformation bainite is usually of even poorer toughness in
range; the first two parameters are fixed by the high carbon systems, and not until the
plate manufacturing route, and the last two are transformation temperature is depressed below
largely dependent on the weld thermal cycle. -420'C, the Ms temperature, does toughness begin
Within the range of welding processes and to improve. However at this carbon content the
procedures used in offshore construction, improvement is unlikely to be significant in the
austenite grain sizes can vary from -304m to context of the toughness levels necessary in
-2004m (0.001 to 0.008 in); this effect can be of modern offshore steels.
considerable importance in controlling the
development of the rest of the microstructure and In the low carbon (0.07%) steels the
its resultant toughness. situation is quite different. At transformation

temperatures above about 530'C the coarse
The microstructural constituents of the grained HAZ microstructure is dominated by

coarse grained HAZs in C-Mn steels range from polygonal and side plate ferrite, with
polygonal and Widmanstatten ferrites at the decreasing amounts of upper bainite as the
slowest cooling rates in high heat input welds, temperature decreases and approaches Ms which,
though coarse upper bainite, lower bainite, lower at this carbon level, is approximately 480°C.
bainite and auto-tempered martensite to The optimum toughness is achieved with
untempered martensite at the fastert cooling transformation temperatures below Ms, probably
rates in low heat input welds[60] (Figure 7). It in the range 400-460'C, the predominant
is clear that in addition to chemical composition microstructural constituent then being
the transformation temperature, and hence the auto-tempered martensite. Thus with low carbon
cooling rate through the critical 800-400'C systems good toughness can be achieved over a
temperature range, is of major importance in wide range of transformation temperatures,
determining the HAZ microstructure and although it may be necessary to add reasonable
toughness. quantities of manganese and other microalloying

elements (nickel, copper and niobium) to ensure
The combined influence of chemical that sufficiently low transformation

composition and transformation temperature on HAZ temperatures are achieved during welding.
microstructure and toughness is illustrated in
Figure 8. The pair of diagrams should be Perhaps the most interesting sequence of
considered as schematic rather than quantitative, behaviour is that at the intermediate carbon
although they have been extensively bas,, on level (0.14%). Above approximately 460°C the
results obtained by Rothwell and Bonomo[6b] and coarse grained HAZ is dominated by upper
Bufalini et ai[69] over a decade ago and still bainite; below that temperature lower bainite
earlier by Pickering and ClarkF70]. In Figure 8a begins to form, possibly also mixed with
lines have been constructed corresponding to the Type III (Ohmori[71] classification) bainite.
mean transformation temperature below which a These are considerably tougher than upper
marked improvement in impact transition bainite at this carbon level, and toughness
temperature was observed[68], the mean improves dramatically. Below the Ms temperature
temperature of transition from upper to lower of 430'C, auto-tempered martensite is observed

bainite and the martensite start (Ms) in combinat.on with a lower bainite and
temperature[69,701, each determined from toughness continues to improve. However below
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about 410C the opportunity for auto-tempering offshore steels was subjected to weld thermal
is reduced and hard, untempered martensite is simulation, higher niobium levels led to a
considerably less tough. Hence, while extremely smaller prior austenite grain size, as expected

good toughness is possible in steels with (Figure 9). There was also an indication from
intermediate carbon levels, it can only by these results that higher aluminium/nitrogen
achieved over a narrow transformation ratios, at low niobium levels, were associated
temperature range, which can severely restrict with larger grain sizes, suggesting that in such
the useful heat input range during welding. steels it may become necessary to specify an

upper limit to aluminium/nitrogen ratio as well
Microalloying Elements - Having described as a lower limit. More obviously however, the

the effects of carbon content on HAZ addition of 0.026% titanium resulted in a
microstructure and toughness, it is now significant decrease in grain size, compared
appropriate to examine the specific roles of the with the trend shown by the rest of the group of
microalloying elements. Carbide and nitride steels studied.
forming elements such as niobium, vanadium and

titanium can have a variety of influences on HAZ These comments serve to indicate the
microstructure, depending on the plate complexity of grain size and microstructure
composition and weld thermal cycle under control through the use of microalloying
consideration. Although the effects of these additions, especially when several elements are
elements on HAZ microstructure are qualitatively used in conjunction. They also highlight the
similar, their differing solubilities as importance of close understanding between the
carbide, carbo-nitride or nitride result in some steelmaker and the welding metallurgist, so
important differences. Niobium and titanium that the steel composition can be tailored to
carbo-nitride precipitates can both exert a suit the expected range of weld thermal cycles
significant restraint on austenite grain growth, during fabrication. Unlike poor weldability,
particularly in low heat input welds, although which can be overcome by use of low hydrogen
the available nitrogen level may be more electrodes or high preheat temperatures, low
important than carbon content in determining the toughness cannot be ameliorated.
alloy carbo-nitride solubility, and the
available nitrogen is in turn linked to the TOUGHNESS - THE PROPERTIES AND
aluminium/nitrogen ratio. The amount of alloy SIGNIFICANCE OF LOCAL BRITTLE ZONES - One
carbide taken into solution in the austenite consequence of the strong influence of
will determine the extent to which intragranular microstructure is that there are zones of
precipitation will occur during cooling, and the different toughness in every multipass weld.
size and distribution of these precipitates will The dominance of grain size in determining
be influenced by the cooling rate and toughness was indicated in the previous
transformation product. Alternatively, the sections; hence it is not unexpected that -jnes
alloy elements may remain in solution, of low toughness (LBZs) correspond to the zones
increasing the hardenability and lowering the of unrefined coarse grained HAZ adjacent to the
transformation temperature; titanium in fusion line.
particular is known to significantly modify the
coarseness of intragranular ferrite Heat treatment of the deposited weld beads
sideplatesF26,36,41,58j. and HAZ by the subsequent weld thermal cycles

can also have a significant influence on HAZ
While niobium has been widely used for many microstructure and toughness. The

years to achieve improved grain refinement, the intercritically reheated region (that part of

use of titanium has been comparatively recent. the parent metal or the preceding weld HAZ
It appears that close control of the ingot which is subjected to a thermal cycle peaking

cooling rate and the slab reheating/cooling between -700 and --900°C) is known to be an area
cycle are necessary[26,47] in order to obtain a of possible poor toughness, particularly if the
uniform dispersion of sufficiently fine titanium chemical composition is such that the partial
carbo-nitride particles for effective grain transformation results in islands of
boundary pinning. Fine dispersions of titanium carbon-rich austenite that can re-transform to
oxides can also be used to pin austenite grain high carbon twinned martensite on
boundaries in the HAZ; in some recently cooling[72,73], similar to those found
developed steels a fine dispersion of oxides has previously in submerged arc weld metal[743.
been used[36,433 to pin the austenite grain size The islands of brittle martensite, surrounded

and to promote the initiation of intragranular by local areas of high transformation stress,
ferrite plates, giving rise both to good can significantly reduce the toughness of the
toughness and to good HAZ hydrogen cracking material (Figure 10).
resistance.

Where HAZ CTOD requirements are
The complexities of the interactions incorporated in a steel purchase specification

between alloy elements, aluminium and nitrogen or a fabrication weld qualificati-k procdure,
in determining HAZ grain size is illustrated by they usually call for sets of three cpeclmens
the results of some recently reported work to be tested at O'C (for subse, serice or
conducted at British Gas 371. When a series of -iO0 C (for topside service, in the UK North
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Sea). Test results are all expected to exceed Other recently completed studies[76-88]

typically 0.25 mm (0.01 in), the actual value are also helping to build up a general picture

depending on the details of the design. of the significance of LBZ size and shape on

toughness measured in different types of test
The observations of low toughness in CTOD specimen. The bending stress and high degree

specimens which sample the coarse grained heat of constraint ensure that the CTOD test is
affected zone are not new[16]. However, it sensitive to the presence of LBZs, particularly
appears that the frequency with which if the zone is more than 5 mm (0.2 in) long
occasional low toughness values were obtained (Figure 11) and is intersected by more than -10%
increased significantly in the early 1980's. of the precrack length. With surface notched

Three factors may have been responsible for CTOD specimens the probability of this occurring
this; a reduction in toughness of the steels may be reduced, and in shallow notched CTOD
being tested, the increased use of CTOD testing specimens the reduced constraint often results
on a routine basis, or changes in the CTOD in higher measured toughness; this is even more

testing procedure. evident in tensile-loaded wide plate specimens.
In Charpy tests the blunt notch tends to result

Detailed re-examination of the test results in an averaged energy value over a range of
from a large number of sources indicates that microstructures; this energy may not be
there is no evidence that the newer steels, significantly reduced by the presence of a

which generally contain less carbon, sulphur brittle zone unless it is particularly

and niobium, are inherently less tough than large.

their earlier counterparts. It is certainly
true that there is an increased awareness of Although in many respect& the test results
low toughness values resulting from increased are beginning to provide some answers, it is
use of CTOD testing on a routine basis. still not easy to relate them to the behaviour

However, the most significant factor appears to of an offshore structure, and they do not yet
be the increased use of asymmetric V or K weld provide a satisfactory basis for acceptance or
preparations with reduced overlap of subsequent rejection of a steel plate product or weld
weld thermal cycles and increased proportions fabrication procedure which demonstates

of unrefined HAZ microstructure resulting in a occasional low CTOD values. Indeed they suggest
higher proportion of tests which accurately that occasional low values will always be
sample the coarse grained region. observed in some steels, provided that enough

tests are conducted. It may eventually be
The problem for the steel user is how to possible to assess the significance of the

handle the low CTOD values, some of which have results on a probabili3tic basis[79], but while
been less than 0.05 mm (0.002 in). In an it is easy to advance qualitative arguments and
attempt to answer the question experimentally, the absence of service failures is reassuring,

the relationship between CTOD test results and the derivation of a quantitative probabilistic
large scale wide plate test results has been design analysis appears very difficult.

examined in several studies[72,75-78]. Meanwhile, the whole subject of LBZ significance
is an important ongoing international research

The results of such a study have been activity.
published recently[75]. A steel which was

known to give rise to low CTOD values, despite In the absence of clear guidclines on how

being acceptable when tested using Charpy to assess the significance of the low CTOD

specimens, was subjected to a series of wide values which result from LBZs, the steelmaker

plate tests at -10C. For both CTOD and wide and user are forced to concentrate on
plate tests the welding procedure was completely eliminating their occurrence. While

deliberately adjusted to give large regions of much of the steelmaker's effort has rightly

coarse grained HAZ, corresponding to 10-30% of been directed towards grain refinement of the

the weld interface. In total, some 20% of the coarse grained RAZ for the relevant range of

CTOD test results were below 0.1 mm (0.004 in) welding conditions, it is important to remember

and 10 of the 20 wide plate tests fractured that grain size is not the only determinant of

(Table I). In this material low CTOD values toughness. The results of some work completed

occurred when the pre-crack sampled coarse recentlyF891 serve to illustrate the importance

grained material with grain size above -80 4m of intragranular microstructure as well as

(0.003 in), and low strain (40.5%) fractures In grain size. Fetailed microstructural

the wide plate tests occurred when the examinations and CTOD tests at -10C were

pre-cracks intercepted this coarse grained carried out on two low carbon (-0.10%) steels.

micr, ;tructure in continuous lengths exceeding The first, which contained 0.045% Nb, gave CTOD

30 mm (1.2 in, 20% of the crack length). values below 0.05 mm (0.002 in) when the

However, even in the lowest fracture strain fatigue crack sampled the region adjacent to

specimen, in which the pre-crack intercepted an the fusion line; the coarse grained

80 mm (3 in) length of coarse grained microstructure consisted largely of coarse

microstructure, the failure stress was upper bainite. The second steel, which

340 N/mm
2 

(49.3 ksi), equivalent to more than contained less than 0.02% Nb but included

95% of the yield strength of the parent plate. 0.013% Ti, also contsined areas of coarse
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grains with an upper bainite microstructure, toughness is evidently important, and continued

but no CTOD values below 0.27 mm (0.01 in) were moves towards improved grain size control over a
obtained. It appeared that the changed balance wider range of welding conditions are enabling

of niobium and titanium, in conjunction with the development of more tolerant steels. Grain
the particular carbon, nitrogen and aluminium size is not necessarily a primary influence, but
levels in the steel in question, modified the frequently has an indirect Influence through

form of the upper bainite to reduce the control of the transformation temperature and

inherent cleavage fracture resistance, without the intragranular microstructure. The influence
significantly changing the grain size. of titanium, the most recent of the

carbide/nitride formers to be exploited in
These and other similar results indicate structural steels, is most interesting in this

that coarse grains are not always detrimental respect. In addition, the use of titanium oxide

to toughness, but that the microstructure dispersions to control both grain size and
within the grains is of major importance. They intragranular ferrite nucleation is a

also reinforce the argument that very close significant indicator of possible future

cooperation between the steel supplier and user developments. One message is clear, however;
is needed in order to achieve the desired weld there are no simple answers regarding the
properties during fabrication, influence of particular elements on grain size

or toughness, and there are many apparently
OVERVIEW AND CONCLUDING REMARKS conflicting statements in the literature.

The history of structural steel The significance of coarse grained areas in
development during the last two decades can be the tiAZ of a mu'ltipass weld is also an area of
linked to one central theme; the requirement to ongoing concern. As indicated above, coarse

produce improved combination6 of strength, grains may or may not have poor toughness
toughness and weldability in large tonnages at per se; but even if they do have poor toughness,
an economic price. It is interesting to note the significance of a local region of poor

how the different strands of development toughness in terms of structural integrity is
illustrated in the preceding sections contribute f-r from clear. The results of wide plate tests

to the overall goal. are beginning to suggest that in some situations
low CTOD values do not imply inadequate

Developments in steelmaking and plate structural integrity, but changes in the CTOD
processing technology have clearly been devoted test procedures have increased the probability

towards making more efficient use of that occasional low CTOD values will be
microalloying elements and hence reducing the obtained, and the problems of how to handle them

carbon equivalent without loss of strength; this at the design and weld procedura qualification

has been particularly evident in the general stages have not been resolved. Experience
reduction of carbon and niobium levels, qualitatively supports the argument that the

Considerable improvements have also occurred in problem is a very rare one in service, but

steel cleanness and segregation. While quantitative probabilistic analyses are still in
developments in the steelmaking technology of their infancy. An improvement in the present

the normalised product have probably now level of understanding of this problem is
reached the stage where little further clearly necessary.
improvement in useful properties can be

achieved, thermomechanical processing techniques The comments above should not be taken to

offer the immediate benefit of a significant imply that the user's requirements of strength,
reduction in carbon equivalent without loss of toughness and weidability cannot be achieved by

strength. Thermomechanically processed plate the steelmaker. Clearly many thousands of

steels are still somewhat in their infancy, but tonnes of satisfactory steel have been

their potential is clearly evident, manufactured during the last two decades and the
service experience has largely been exemplary.

The trend towards lower carbon contents has Nevertheless, there is still scope for

provided greater freedom to avoid weldability improvement so as to facilitate economies in

problems, but at the expense of a change in the construction, and there are important needs for

balance between carbon-dependent and steel structures to operate in colder, deeper
microalloy-dependent hardening processes, such waters than hitherto. Given the improvements

that the original relationships between which have taken place In metallurgical,

weldability and carbon equivalent, embodied In processing and fabrication technology during the

standards such as BS 5135, are no longer last two decades, it is not unreasonable to

universally accurate for materials with low expect that the new challenges will be met in

carbon equivalent. Further understanding of the decades to come.

this subject, particularly for the newer
thermomechanically processed and high strength ACKNOWLEDGEMENTS
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FACTORS INFLUENCING FRACTURE
TOUGHNESS OF STEEL WELD

METAL FABRICATION

S. R. Bala, K. G. Leewis T. H. North
Welding Institute of Canada WIC/NSERC Chair, University of Toronto
Oakville, Ontario, Canada Toronto, Ontario, Canada

plastic strain levels, the LEFM approach to KIC
is also not feasible. Thus, CTOD tests and

ABSTRACT analyses as developed by TWI have been exten-

Tiesively used when characterising fracture tough-This paper reviews Canadian research on the nes
fabrication of structures which operate in low- ness.
temperature, Arctic environments. The main Since there is a CTOD toughness transition
emphasis is on the metallurgical factors con- with temperature, the toughness requirements for

trolling HAZ and multipass weld metal fracture structures operating in Arctic environments,
toughness. such as the Peaufort Sea, &re necessarily de-emanding ana the specifications are more strin-

gent than those for less severe environments
such as the North Sea.

From the fabricator's point of view, it
would be ideal to weld at the highest heat input

The integrity of steel welded structures can be possible, consistent with defect-free welds (in
preserved by proper design to avoid fracture order to increase joint completion rates). How-
initiation. As long as components possess ade- ever, higher heat inputs lead to coarse grain
quate strength and fracture toughness, the formation adjacent to the fusion boundary, and
latter expressed in terms of KIC or more ap- precipitation of carbonitrides of microalloying
propriately as developed by Welding Institute elements (especially Nb) which adversely affect
(UK) crack tip opening displacement (CTOD) HAZ toughness properties. Post-weld heat treat-
values, a pre-existing flaw of subcritical size ment instead of improving HAZ toughness, as
may be tolerated without the risk of developing occurs in C-Mn steels, can cause further deter-
an unstable fracture under operating levels of ioration through increased precipitation harden-
stress. The risk of fracture developing in a ing effects. As a result, worldwide steel dev-
welded construction depends on and will be elopment has involved i) the use of Ti (to prom-
determined by properties of the microstructures ote TiN formation which restricts grain growth
locally surrounding the tips of the defects. in the HAZ), ii) the use of lower carbon levels
The conditions for fracture initiation ar- a to counter its known adverse effects on tough-
defect, a tensile stress normal to the defect ness and weldability properties, and iii) mini-
and a susceptible microstructure at the defect mal use of microalloying additions by adding Cu,
tip. Welding contributes to all three factors, Ni, B, etc. Steels based on Cu-B additions have
since welds contain buried defects, welding been developed in Japan and by Canadian resear-
introduces yield stress magnitude tensile resid- chers (1) and those based on V-B additions by
uai strcsses and the weldment toughness is Lukens steel in the U.S.A.
usually inferior to the pirent -teel. The severe requirements of Canadian of-

In CTOD testing there is a transition ii. fsL-Le ud Arctic applications have been satis-
toughness with temperature. This transition fied by the development of high quality steels
temperature is strongly influenced by strain which have good weldability, corrosion resis-
rate and thickness. High strain rates and tance and fracture t,-oilhne-c -- rties (in both
higher thick.tn, -9 . tra7Tt., ' .'- parent aid HAZ regions). Similarly, unsider-
ture values. Traditional CVN tests with blunt able research on welding procedure/weld metal
notch and arbitrary strain rates cannot provide property requirements has been carried out to
a direct measure of fracture toughness. Also, confirm methods of fabricating structures cap-
because of thickness limitations and increased able of the most onerous field applications.

189



This paper examines some Canadian research on for the 800°C/5000 C temperature range) niobium
the metallurgical factors controlling HAZ and has a beneficial influence on HAZ toughness.
weld metal toughness properties. However, in hia'ier heat input (slower cooling

rate) welding situations niobium has a detri-
STEELS mental effect on toughness values.

The situation is more complicated when
Steel strength is markedly dependent on different combinations of microalloying elements

carbon content. However, high carbon steels are present in the steel. The effect of titan-
have poor weldability and inadequate fracture ium, titanium plus niobium, dfld titanium plus
toughness properties. HSLA steels were devel- vanadium additions on the HAZ toughness proper-
oped with lower carbon contents, to meet the ties of linepipe steel were evaluated by
onerous weldability and toughness demands of McCutcheon ('). Whe.n welding at 2 kJ'mu heat
applications such as linepipe construction in input, niobium additions to titanium bearing
the Canadian Arctic. The lower strength values steel decreased toughness values as a result of
(due to removal of carbon) were counteracted by significant soluLe strengthening. Vanadium in
additions of nickel, copper and so on. combination with titanium improved HAZ toughness

These steels have minimum yield strengths values, and vanadium additions to a 0.05% niob-
of 300 MN/m2 and maximum carbon equivalent ium bearing steel produced a slight fall-off in
values (CE) of 0.43. Thicker plates (75 mm toughness properties. Precipitate dissolution
thick) are normalized and thinner sections are and reprecipitation during the weld thermal
produced by -.MCP (controlled-rolling) treat- cycle are also affected when different combina-
ments. Niobium is particularly effective in tions of microalloying elements are present.
controlling austenite grain size during rolling. Suzuki and Weatherly (5) observed that in steels
Both niobium and vanadium also improve strength containing titanium plus niobium, niobium-rich
due to precipitation hardening. The fracture precipitates dissolved and titanium-rich par-
toughness of these steels is further improved by ticles reprecipitated later in the heating
having reduced sulphur contents and/or sulphide- cycle. This reprecipitation effect explained
shape control processing. F'pical steels dev- the finer HAZ grain sizes in TiNb-containing
eloped for Arctic and Canadian offshore applica- steels.
tions are Algoma LT60, A710, BS 4360, Gr 50 or Recent Japanese results have suggested a
55, Kawasaki Macs EH 36 ACC and DQT, etc. relation between the effect of any addition, say

Tne excellent toughness in these steels is niobium, on toughness and the primary agent
reduced somewhat after cold forming (bending), present in the steel for grain size control (8).
e.g., in offshore platforms the tubulars are Quite different results were produced when simi-
fabricated by bending plates 25-100 mu thick lar niobium contents were added to plates con-
into cylinders and welding the longitudinal taining TiN and Ti203 particles as the grain
seams. This decrease in toughness properties refining agents. Niobium had a detrimental
does not appear until more than 30% plastic effect on tne fracture toughness of steel con-
strain occurs on the tension surfaces of the taining TiN particles (due to Nb microsegre-
tubular members (2). The fracture toughness of gation around TiN precipitates, increased har-
welded joints will consequently be affected by denability and suppression of acicular ferrite
strain ageing, and if the plate thickness ex- formation). However, there was negligible
ceeds 38 mu, by the stress-relieving treatment influence of niobium additions on the toughness
after welding. of plate containing a dispersion of Ti203 par-

ticles.
HEAT AFFECTED ZONE TOUGHNESS PROPERTIES The Welding Institute of Canada has been

carrying out an extensive research program eval-
The heat affected zone toughness proper- uating the fracture toughness properties of HAZ

ties in HSLA steels depend on the complex inter- regions in constructional steels (9, 10). This
play of microstructure, grain size, particle research program evaluated the influence of
(carbonitride, nitride) dissolution and reprec- different combinations of microalloying elements
ipitation, and plate chemistry. It is well (Nb, V, Ti) on the fracture toughness of the
known that niobium and vanadium carbonitrides coarse grained HAZ region of single pass de-
dissolve during the heating cycle of fusion posits (see Table 1 for the plate chemistries
welding, and reprecipitate if the cooling rate used). When welding at a range of heat inputs
is slow enough (3, 4, 5). It follows that the (3 kJ/mm to 6 kJ/mu) HAZ toughness results
effect of any microalloying addition (such as indicated that:
niob"m) on lLzZ toughness properties depends
markedly on the heit input used (on the thermal
cycle enabling '--(l -1 piio Olt, 1) jol mco2 1  itni titanium oniy
euLecipidtion and subsequent hardening), and (0.014%; produced the highest toughness

on the effect of soluble niobium on the phase values at all heat input levels.
transformations occurring during cooling after 2) the poorest HAZ toughness values were ex-
welding. In HSLA steels alloyed with niobium hibited by steel containing a combination
only, the cooling time is the dominant factor of 0.027% Nb, 0.082%V and 0.016%Ti (at all
(6). At short cooling times (6 to 16 seconds heat input levels).
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TABLE 1

Steel Compositions

Code C Mn Si V Nb Ti Al N P S 0

50 .11 1.33 .26 .082 .027 .016 .058 .010 .004 .005 .057

51 .12 1.36 .28 .080 <.005 .014 .049 .008 .003 .005 .060

52 .11 1.35 .27 <.003 .026 .015 .054 .009 .004 .005 .067

53 .11 1.35 .26 <.003 <.005 .014 .055 .009 .004 .CIS ._27

55 .11 1.34 .56 <.003 <.005 .014 .049 .009 .004 .006 -

56 .077 1.44 .56 <.003 <.005 .015 .050 .009 .004 .006 -

58 .13 1.41 .29 .093 <.005 <.002 .053 .008 .004 .004 .068

59 .13 1.52 .29 <.003 .029 <.002 .052 .009 .004 .004 .065

3) increasing silicon content (from 0.26% to
0.56%), and decreasing carbon content
(from 0.11% to 0.077%) in HSLA steel

microalloyed with titanium alone impaired
HAZ toughness properties.

4) increasing heat input from 3 kJ/mm to 6
kJ/rs had a particularly detrimental 90 V - -

effect on the HAZ toughness of steel
containing 0.08%V and 0.015%Ti. This
occurred due to replacement of the acicu-
lar ferrite-like microstructure by coarse, 70

equiaxed ferrite. W I
5) steel containing 0.093%V alone had excel- _

lent toughness when welded at 6 kJ/mm.
However, when welded at 3 kJ/nm HAZ tough- a-
ness properties were impaired since higher .7.
hardness values counteracted the benefi- 30 /STEEL 50
cial influence of the acicular ferrite- o /
like microstructure in the HAZ. /

6) The combination of titanium plus niobium z .. - -
(0.012%Ti 0.026%Nb) produced much poorer X

toughness properties than titanium alone 0 £ .. ' STEEL 59
(due to increased sideplate ferrite forma- ,- .i.

tion, and lower acicular ferrite contents -10
in the HAZ microstructure). These results E A
are shown graphically in Figures 1 to 3. ASTEEL 56

-30

No relation between the 0.1 CTOD tran- i" .- -
sition temperature and grain boundary (poly- .. - STEEL 53
gonal) ferrite content, sideplate ferrite con- -ri
tent or any combination of microstructural I - .
constituents was apparent. Yamamato (8) indi- 5 6 7
cated that the point of fracture initiation HEAT INPUT, KJ/mm.
occurs when sideplate ferrite cracks and there-
fore any factor promoting decreased sideplate
ferrite content (such as acicular ferrite forma-
tion) improved HAZ toughness values. In our
work, the optimum HAZ toughness values were Figure 1. 0.1 mn CTOD transition temperature/-
generally associated with microstructures con- heat input relations for Steel 50 (NbVTi), Steel
taining an acicular ferrite-like microstructure. 53 (Ti), Steel 56 (C, Ti) and Steel 59 (Nb).
However, no simple monotonic relation existed
between t' ; .,Atent of the acicular ferrite-like
microstructure and CTOD fracture toughness
properties. Luo and Embury (11) have also
indicated that coarse ferrite in the HAZ micro-
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Figure 2. 0.1 mm CTOD transition temperature/- Figure 3. 0.1 mm CTOD transition temrperature!

heat input relations for Steel 51 (Vri) and heat input relations for Steel 55 (Si, Ti) and
Steel 52 (NbTi). Steel 58 .

Structure acts as a nucleus for cleavage frac- WELD METAL TOUGHNESS PROPERTIES

ture, and that higher contents of coarse ferrite
lower the cleavage fracture stress. In their Weld metal midcrostructure (acicular fe-

work the coase ferrite content was evaluated by rite content) has a controlling influence on the

point counting and sunnting the contents of fracture toughness properties of HSLA deposits.

grain boundary ferrite, ferrite sideplates and Knott et al (13) have shown that the cleavage

intergranular polygonal ferrite. Since yield crack path preferentially follows grain boundary

stress decreased more rapidly than cleavage ferrite regions and acicular ferrite acts as a

fracture stress (as coarse ferrite content barrier to crack propagation. It is generally

increased) the transition temperature was lower agreed that intergrannular acicular ferrite is

at high coarse ferrite contents. This explained nucleated by weld metal oxide inclusions, and

the lower transition temperatures they observed the iclusion content is dependent on the oxygen
in the welds deposited at 10 kJ/u c.f. 2 kJ/m, potential of the flux, electrode coating or gas

It is apparent that the interplay between shielding system eployed. However, the ideal

HAZ microstructure and toughness properties is inclusion composition(s), and particle size or

extremely coplex and that the fracture tough- particle distributions promoting acicular fer-

ness depends on the combined effects of both rite formation are still a subject of debate.

coarse ferrite and acicular ferrite-like con- This is to be expected considering the multi-

stituents. variable nature of the deposit microstructure/-
The research described above emphasized inclusion/ toughaness relationship. For example,

the factors controlling the toughness of the it is difficult to vary deposit oxygen content

coarse grained HAZ region in single pass welds. without changing weld metal composition, in-

However, other regions in the HAZ of multipass clusion chemistry, size and distribution simul-

welds are equally important, viz., the subcriti- taneously.
cal and ntrcritically reheated regions in the In a multipass welding situation, the com-
HAZ microstructure. This problem area has been bined effects of cooling time between 800C and

evaluated in detail in recent work by Thaulow et 500C (dependent on heat input, joint thickness,

al (12), and consequently will not be dealt with preheat and interpass temperature), number of

in the present paper. weld beads and welding position comlicate the

situation. Weld metal toughness properties
generally increase in the order of vertical-up,
overhead, horizontal and flat positions. These
differences in toughness properties have been

192



~\--

attributed to heat input variations, [o cf --.-... ------- -
ferent numbers of weld beads, the differing
proportions of refined and unrefined weld metal,
and so on. Also, weld metal nitrogen content
(particularly in shielded-metal-arc welding) r-
increases as arc length is increased, and chan- 'A

ges in welding position can affect both arc +
voltage and deposit values. The fracture tough- T
ness properties of Ti-B containing welding ,
consumables will be markedly reduced if nitrogen 7,_

content is increased (the beneficial role of + I-u
boron in controlling the austenite/ferrite a)
transformation will be prevented). Bearing in U) o
mind that dynamic strain ageing lowers the 0)04

toughness properties of the root region in -"\

comparison to final pass material, it is ap- C -3 o

parent that research on the toughness properties *\

of multipass welds is an extremely complex - 0 \

undertaking.
Bala et al Ii4) carried out a detailed .--

research program aimed at evaluating the frac-
ture toughness properties of multipass welds in H

20 rn thick plate. A wide range of proprietary tL
flux-cored welding consumables were used (5 " /j
rutile type, 6 basic type, 4 metal-cored elect-
rodes and 1 innershield electrode). All welds I< 4

were made in the vertical-up position, using a CD

heat input of 2 kJ/mm, 75% Ar 25% CO2 shielding 0
gas, and an interpass temperature of 1501C. _ .- /

Full-thickness CTOD fracture toughness specimens n C) .•

were cut with the notches on the weld centre- & r
line. For any elemient, the wide range of de- (ll1l) O J3] 06- IV S3n]VA 0013 u
posit chemistries produced were used to relate
chemistry and toughness properties. Bearing in
mind the considerable limitations of this ap-
proach (a monotonic relation between the element
considered and deposit toughness properties is 3) optimum toughness values in rutile and
assumed) some general comnents can be made: in basic-cored electrode deposits were

produced when the silicon content was
1) the lowest 0.1 m and 0.2 mm CTOD transi- 0.4% (see Figure 5). At higher silicon

tion temperature values for rutile, basic, contents the increased hardenability
metal cored and flux-cored welding consum- contribution was not counteracted by
ables were, any weld microstructural improvement.

4) increased nickel content to 2.4% im-
proved the toughness of deposits made

0.1 me 0.2 im using basic-cored electrodes (see
CTOD CTOD Figure 6). Increasing nickel content

had little influence on the toughness
Basic-Cored Electrodes -50°C of metal-cored weld deposits.

CONCLUS IONS
Rutile-Cored Electrodes 

-500C

300C This paper has provided a limited
review of some of the research presently being

Metal-Cored Electrodes -25°C carried out on Canadian Offshore fabrication
3°C problems. This work is continuing at WIC, and

throughout Canada, in order to meet the tech-
Innershield Electrodes -.330 nological challenges of structures operating in
10°C low-temperature Arctic environments.

2) the highest toughness values were prod-
uced by weld metals having the lowest
carbon contents (0.07%), see Figure 4.
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FRACTURE MECHANICS TESTING
OF HSLA STEELS FOR

OFFSHORE APPLICATIONS

C. Thaulow, 0. M. Akselsen, M. Hauge, B. Melve,
A. J. Paauw, G. Rorvik, J. K. Solberg, J. Troset

SINTEF
7034 Trondheim

Norway

MATERIALS

INTRODUCTION
Three low-carbon microalloyed and one CMn

During the last 5 years SINTEF has taken an steel have been examined in the normalized
active part in the evaluation of low fracture condition. The chemical composition and
toughness results from the testing of HAZ of mechanical properties of the base materials are
modern low-carbon structural steels. outlined in Table 1 and 2. The low-carbon

The new classes of structural steels for microalloyed steels were delivered from three
offshore application are characterized by a different steelworks, and their chemical
reduction of sulphur and strict control with compositions are rather similar, except for
chemical elements such as phosphorus, niobium different levels of nitrogen and impurities.
and nitrogen. This should primarily serve an Steel D is a CMn steel of higher cleanliness
increased w ldability. However, during welding than the traditional grades: It was included in
procedure testing of the first platform to be the program as a reference steel.
built of low-carbon steel in Norway, very low
CTOD values were found in the HAZ. This was of WEE.D THERMAL SIMULATION TESTING
great surprise, since the HAZ toughness was
considered to be of' no problem. Experience in the past has revealed that

At an early stage, during the fabrication it may be difficult to hit the brittle zones
of the platform, SINTEF was engaged by the during CTOD testing of weldments. The fatigue
Norwegian Petroleum Directorate (NPD) to crack tip has to be positioned close to the
evaluate the reasons and consequences of the brittle zones and a certain fraction of the
low HAZ fracture toughness. Until now :.iore than crack tip has to be affected by these zones
15 low-c-.bon microalloyed steels, delivered before low CTOD values are recorded. The
for application in offshore structures, have problem of notch positioning can be avoided by
been tested in accordance with the test the use of weld thermal simulation testing. The
procedures developed for NPD /1,2,3/. A summary aim of these investigations was to establish
of the experience from these tests is under the relationships between the HAZ toughness,
preparation /4t/. The tests included weld microstructures and the weld thermal cycles on
thermal simulation and bead-in-groove CTOD the basis of' Charpy testing of simulated HAZs.
testing. The low fracture toughness was The weld thermal simulation testing
correlated with brittle zones in the HAZ. program, Table 3, was designed to cover the

The investigations performed in the NPD most interesting areas of the HAZ, Fig. 1.
projects were limited, and an industry- The grain-coarsened HAZ toughness is
sponsored program was therefore initiated in unfavourably affected by an increase in cooling
c-rder to examine the HAZ toughness and the time, Fig. 2, mainly because of the formation
significance of the low toughness in more of grain boundary ferrite and the more
detail. The investigations included the HAZ predominant ferrite sideplates, Fig. 3. The
microstructures, weld thermal simulation Charpy impact properties reach a low value when the
toughness, fracture toughness and crack arrest fraction of these unfavourable microstructures
toughness. exceeds about 50 vol%. At volume fractions

This paper summarizes the experience from below 10 %, i.e. as a result of fast cooling
the various examinations and compares the rates, no correlation is evident. The low
"older" CMn steels (with typically 0.18 % C) toughness of steel A at fast cooling rates,
with new low-carbon steels. Fig. 2, is explained on the basis of phosphorus
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embrittlement, and for steel D on the basis of specimens, with a/W=0.3, were generally high.
formation of high-carbon lath martensite. The lowest value for the SMAW specimens was

A correlation has been established between 0.24 mm for 3teel A and, for the SAW specimens,
the cooling rates and the austenite grain size steel B with 0.37 mm. The CMn steel had a
of the grain-coarsened HAZ, Fig. 4. The effect toughness level at least as high as the low-
is most pronounced at slow cooling rates and is carbon micro-allcyed steels. But in the case of
probably due to impurity drag effects by through-thickness notching, the Cai steel
phosphorus at the grain boundaries during grain showed the lowest values for both SMAW (0.14
growth. Post-weld heat treatment (PWHT) of the mm) and SAW (0.18 mm).
grain-coarsened HAZ was favourable for steel C From the weld thermal simulation testing
and D, Fig. 5. Concerning steel A, i.e. the one should expect that all four steels had
steel with the highest phosphorus content, defined areas with brittle microstructures, and
temper embrittlement was, as expected, most it is therefore somewhat surprising that only
pronounced at the slowest cooling rate. Steel B the CMn steel showed some tendency to low CTOD
appears to oe susceptible for PWHT for all values. This behaviour is explained by the fact
investigated cooling rates, resulting in that the initiation of the brittle fracture
intergranular fracture and an increase in the depends upon both the existence of a brittle
transition temperature. The potential harmful microstructure and the detailed notch
effect of phosphorus after PWHT is outlined in positioning. The best control with these
Fig. 6, but there are many unanswered questions parameters was obtained in the CTOD bead-in-
with respect to the detailed deterioration groove test, and brittle fracture initiatfon
mechanisms, was experienced for all four steels with this

It has been suggested tat small amounts testing technique. The lower values for the CMn
of free nitrogen might be critically important steel, Fig. 9, can be explained by the
to embrittlement of the grain-coarsened HAZ simulation test results where this steel is
/2/. The free nitrogen content was analysed in most prone to brittleness, Fig. 7 and 8. In
a limited number of specimens, but no direct real weldment testing, the size and shape of
correlation with the toughness could be the embrittled areas will vary and notch
established, positioning will be difficult. The CMn steel

The deterioration of the grain-coarsened will have the largest volumes with embrittled
HAZ impact properties after a second weld microstructure, and therefore the highest
thermal cycle, Fig. 7, is mainly associated probability of revealing low fracture
with an increased volume fraction of high toughness.
carbon plate martensite. From the weld thermal simulation testing

The partly transformed HAZ toughness is it is evident that only a part of what is
mainly determined by the formation of high- defined as grain-coarsened zone has low Charpy
carbon plate martensite islands. Toughnpss energy, Fig. 8, and that the extension of the
improves with increased cooling time, Fig. 8, brittle volume will depend on factors such as
and after PWHT, Fig. 5. steel quality and heat input/cooling time. This

is consistent with fractographic observations
FRACTURE MECHANICS TESTING of the CTOD specimens and indicates that only a

narrow region of the grain-coarsened zone,
The aim of this study was to determine the close to the fusion line, will be brittle (in

HAZ fracture toughness properties of real addition to the partly transformed zone).
weldments in the four steels investigated. At Hence, careful notch positioning, very close to
present there exists no generally Accepted the fusion line and at a location where the
standards for fracture mechanics testing of brittie zone has a maximum width, gives the
weldments /5-7/, therefore different specimen optimum conditions for low CTOD values. This
geometries and notch depths have been applied trend has also been confirmed in another
in order to examine the effect of surface vs. investigation, Fig. 11 /9,10/.
through-thickness notching.

Many of our findings have recently been CRACK ARREST TESTING
published, /8/, and therefee only a brief
summary will be presented in the present paper. The CTOD bead-in-groove tests in this

Low heat input (Shielded Manual Arc investigation, and previous projects /2/, have
Welding - SMAW) and high heat input (Submerged shown that brittle fracture can initiate in the
Arc Welding - SAW) butt welds were prepared HAZ and propagate in a quite brittle manner
with a K groove in 50 mm thick plates. In through the base material of these tough low-
addition, the cap layer was simulated with carbon microalloyed steels, Fig. 12. Hence, it
bead-in-groove CTOD testing of single weld has been questioned if the high CTOD crack
layers. initiation level has been obtained at the

Both the CTOD testing with a shallow expense of a low crack arrest toughness. The
surface notch (a/W=0.06) of bead-in-groove and aim with the present crack arrest testing was
butt weldments revealed the lowest toughness to determine the base material crack arrest
for the CMn steel, steel D in Fig. 9 and 10. properties in accordance with the small scale
The HAZ CTOD values from surface notched testing method proposed by ASTM /1i/.
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Experience from other projects indicated unstable crack propagation along the HAZ has

that a large number of duplicate specimens recently also been reported in wide plate

might be necessary in order to obtain testing /12/. The future acceptance criteria of

satisfactory results, hence the number of local brittle zones will probably include the

steels to be tested had to be restricted. Three evaluation of the crack arrest properties of:

steels were tested, steel 1 and 8 from previous 1) the material surrounding the brittle

investigations /1,2/, and steel B from the microstructure and 2) as the next barrier the

present project. Steel 1 and B are low-carbon general crack arrest properties of the base

microalloyed steels: Steel 1 with high material and the weldment. It has recently been

phosphorus (0.021%) and niobium (0.041%) proposed that these evaluations can be bases

contents and steel B with low phosphorus upon the NDT temperature from Pellini Drop

(0.007%) and niobium (0.020 ) contents. Steel 8 Weight Test /13/, but since this test is highly

is a typical CMn steel. empirical an! restricted to base material

It was of interest to test the material in testing of plates with moderate thickness, it

both the thickness direction (normal to the is thought that further developmens of dynamic

plate, as in the CTOD bead-in-groove specimens) fracture mechanics based tests will be more

and in the plate direction (the traditional favourable /10/. The necessary developments are

test geometry), hence two specimen geometries now being investigated in the research project

were selected, Fig. 13. The DUP specimen at SINTEF designated CAOS (Crack Arrest

(duplex specimen with a brittle start section Offshore Steel) /14/.

electron beam welded to the test section) for
the direction normal to the plate and the MRL COMPARISON OF THE STEELS

specimen (weld embrittled start zone) in the
plate direction. A total number of 60 specimens The weld thermal simulation Charpy

were prepared, 10 duplicates for each toughness of the grain-coarsened zone was low

steel/specimen geometry, for all steels, but the lowest values were

The test temperature was initially set at always observed for the CMn steel, Fig. 14.

-100 C, but was later reduced to -30
0 C for most This is in accordance with the results from

of the tests. previous tests, Fig. 15, where the CMn steel,

As expected a number of difficulties were steel 8, represents the lower-bound values.

experienced when applying the ASTM standard on The trend established in the weld thermal

the high toughness, moderate yield strength simulation testing was in general confirmed by

structural steels. The ASTM recommendations the CTOD bead-in-groove testing and the CTOD

were originally developed for pressure vessel weldment testing. The lowest CTOD values were

steels, and the test geometries and validity obtained from the CMn steel. It is remarkable

requirements were specified on this basis. that no low HAZ CTOD values were recorded

These limitations will not be discussed here. during the comprehensive fracture toughness

Valid plain strain crack arrest toughness testing of the CMn class of offshore steels

was only obtained for four specimens. Table 4. 10-15 years ago. A critical point in the

Ignoring the validity requirements specified in through-thickness CTOD testing is the

,11/, the average crack arrest toughness for positioning of the notch tip with respect to

the specimens with a brittle fracture arrest in the embrittled microstructure, and since

the test material are presented in Table 5. The brittleness in the weld metal was a problem,

results clearly indicate that the low-carbon restrictions were put upon the positioning

microalloyed steels, steel 1 and B, have better procedure in order not to hit weld metal. With

crack arrest properties than the older CMn a somewhat curved fusion line, the result may

steel. This is further demonstrated in Table 6, have been that a major part of the fatigue

where the average crack jump lengths are corre- crack tip is positioned in the base material.

lated with the average of the stored energy at The base material c ack arrest toughness

crack initiation. Steel B has the highest of the low-carbon microallcyed "teel with the

stored energy and the shortest crack jumps, lowest phosphorus and niobium content was

indicating that this steel absorbs the most better than a low-carbon steel with higher

energy during crack propagation. contents of these elements, and substantially

The results are promising with respect to better than the CMn steel. This might indicate

the future apliication of the low-carbon that steel B and C have better crack arrest

steels. The applied testing technique should properties than steel A. In addition, steel A

now be further developed in order to increase showed a tendency for brittle crack propagation

the number of valid plain strain crack arrest along the fusion line in the through-thickness

toughness results to a statistically CTOD tests.

satisfactory level. The tests, so far, have The overall conclusion is rather positive

concentrated on the base material toughness, and optimistic with respect to the fracture

but the crack arrest properties in the HAZ and toughness of the low-carbon microalloyed

weld metal should also be examined. In the CTOD steels. The new class of steels has obviously

testing of steel A it was often observed that better fracture toughness than the CMn steels,

the crack propagation followed a preferred path but low CTOD values are frequently recorded,

nlong the fusion line, and similar evidence for and the significance of these low values is
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questioned. There is a need to explain why - The weld thermal simulation Charpy toughness
there have been no major brittle fracture of the grain-coarsed HAZ was low for all
accidents in the offshore structures fabricated steels, but the lowest values were always
with CMn steel and to present recommendations observed for the CMn steel.
on how to treat low HAZ CTOD values in the - The lowest CTOD values in bead-in-groove and
future. The absence of accidents can, as a butt weldment testing were obtained for the
first attempt, be explained on the basis of the CMn steel.
low probability of having a fatigue crack - The base material crack arrest properties for

Ir positioned at a location where the local the low-carbon steel with the lowest content
brittle zone has both a maximum volume and of phosphorus and niobium were better than
local constraint just at the moment when high for a low-carbon steel with higher contents
stresses are experienced /8,12/. This aspect of these elements, and substantially better
should be further explored on the basis of than the CMn steel.
probabilistic analysis. Probabilistic fracture - The significance of the low HAZ CTOD values
mechanics analysis can now indicate where frequently observed is discussed with
fatigue cracks will develop and how they will reference to probabilistic fracture mechanics
grow /15/. Hence, it should be possible to map and testing procedures.
the fatigue crack tip with respect to location

and crack tip stresses. The next step will then ACKNOWLEDGEMENT
be to model the HAZ with respect to the
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in the near future. The aim will partly be to and kind permission to publish the resul- are
answer why there has been no major brittle highly acknowledged.
fracture accidents offshore, and partly to
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With respect to fracture mechanics
testing, there is a need for relevant and REFERENCES
simple weldment testing procedures /5,6,7/.
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CONCLUSION
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Table 1 : Steel chemical composition in wt.%.

-. C SI i n, P S Cr NI No C. Al TI Nb V 3 N 0 C. AI So Pb Bi Sb

No

A '009 0 '1 51 0 JiA 0 003 0 02 0 18 0 01 0 iS 0 051 0 001 1 ' 0c, 0 008 0o., 0 002, 0 006 0 00, 0 0002 <0 0001 0 00-5

3 0 10 0 ' 32 0 007 0 003 0 06 0 1' 0 02 C 23 0 02. 0 002 0 020 1 21 0 0 0 008 0 0050 0 0016 0 028 0 016 0 00,0 0 0001 0 0020

C 0 1 0 1- 1 51 0 005 0 002 0 02 0 Cl 0 01 I Cl 0 02 0 006 1 010 0 21 0 _00 0 002 0 0012 0 0016 0 00 0 000 0 00C5 ¢0 0001 0026

D 0 1 -1 0 005 0002 0 02 0 02 0 01 0 01 0 32 0 006 0 000 0 21 0 00(0 0 002 0 00 0 0 00'0 0 009 0 005 0 0002 <0 0001 0 009

Table 3 Weld thermal simulation and heat treat-
ment programmes applied for a detailed
characterization of the HAZ impact

Table 2 : Mechanical properties properties.
(certificate values).

Caalon L Ch-.py V-notch to-ln, i - 10C ITT 1
.. . .. - 1.l D .. .bl y l i g Y l

Stee l "ield Tesille- .'le Soobleyole ingt. '.ycl1
No strength reng t h ot area Al -t00'C I TP 1P00 p~l PtWp.

P I for TN (,l T)) T
mpa MP. 4 4 1 1 1c :C/ .1°c

___- _-- -- - - - - - --- .600 1350 113 1135 600 110'. I10 '.
A /1 - 49' 32 021 o. 33- . 0 0 1oo

75o 100 m OO b

498 29 06 boo

12 600 •13 0 MU% I150 600 I]00 ll5
501 5 211 I 1300 601 0 - 950 WooO

50 13 o0 1 0
b~~ 7 b2 J_] 2 600

21 1150

I I -n V to ,' 5, im Ilb i-l. n the rta,.sverse dire.t 1 )i All .roge "t 1 1150
h10 , ' pec lWeoos 1003

600

0O 1390

11Iorr..pondlng to Roointh.I'. somplreturisyelI fur th'ic pl.t..

21 liCt Il* t nt p*,for.d it 1C t°',O° 6O0° C O 0 li 8o, I 1"o,"u
1) lap.i tran.lIton ..p...ur (ITT) for both'. ..l- .8t ad PHT i( 180t

for I lo
4) fo:lud rng PHT .... 0 C fot a11 ... .... .. .T at 6000 .ot ... I 6 ,
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Table 4 Plane strain crack-arrest toughness Temperature profiles Temerature profilies

values at -301C. in Bead 2

In Bead I

Steel K1 
I1to

No.7000
M~~1 / 2

1 79.2J0
80.2Bed2 BaI

8 69.5

F 85.4

1) Temperature -301C

S single cYcle a Different TVfor Ate, 5. 12 and r5.

Table 5 Crack-arrest toughness Ka at different T aSingle CYcle TrenltLon nerve for atg/
5 

- s. 12 end n

temperatures with number of duplicate both..ei.uiated end after MiOM l(e
0

C/irl

specimens (N). P sing],Yleci Differnt teaeratoree for ivr~l (io0c - 5o0c)

o Doubte cycle Fomr (Tp, - 1350-C, iOOOC end 770
0
C end

F lAte.a 5 )1 - 5 end 12e, different l
T

Vl for

Ka 7Min e1/
2

) end naumber of dapltcrtn (N) i -t8 5  ee 12..

Temperatuare -101C -30'C -0c

Specinec type DSP N DUP N MRL ii DUP N Fig. I Schematical illustration of the weld
Steel 185 1 81 6 thermal simulation parameters related
Steel 882 2 76 6 1) to the position in the real weld.

Steel F __ __ _ { 85 1 110 7 112 2

1) Total fallarre

Single cycle T,= 13500C

300

Table 6 Average of K0 versus arrest-length (aa)SteA
for MRL specimens at -300 C with number Steel 8
of duplicate specimens (N). 200 Steel C- -

KV_4 OC Steel 0D

Steel K0  aa N
No.

MPa.ml/
2  mm0nun_______________

0 10 20 30 40 s0 60
1 218 150 7

8 204 168 5 - Cooling time At 8 /5

F 224 129 7

Fig, 2 :Effects of the cooling time ( Lt 8 / 5 )
on the Charpy V-notch toughness at
-400C of the grain-coarsened HAZ
(T p - 13500 C).
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toe,

°c Steel A Steel B

3 00 1 0 13505°

IT oc

200 Steel A 0 ~ X 0
__t., "/ -50 / 770 -Steel 13 A, 1316

V0
0  S- e7 ]7

KV_4~ sow -so- •. . °/

_409C 
7700

to 0 77.-1

100 1 -,oo . - - k -_ U

10 20 30 400 1 0 20 3'0 40
0

0 25 50 75 100
Vol. Snqle cycle 1,, 13501W C C

-- G F S P PW41 It ,ooC

PWIIT al 0nc v

t1 ooo
10o

: Effects of the grain-boundary ferrite Oc Steel C Steel D

and ferrite sideplates on the Charpy so

V-notch toughness at -40°C. ITT4 5 J

-50 1350

Single cycle TP 1350C 0 / U 7700C -01

-100 
77oC

Steel A- f1 f - - -

Ns ... B -- - -t~o __.< . _ ____-- ; - o -*--,
e0 steel C 0 1 0 20 30 40 0 10 20 30 40N 200.-

Sleel - - - -

"E Cooling time A 18/5

150 /

S/ Fir. 5 Effects of the cooling time ( At 8 /5 )

-> ion the impact transition temperature

l4 t- (ITT) for KV - 45J.

50-

Single cycle : Tp 13500C At8/ 5 - 5a

300[ --

30O As simulated .

0 10 20 30 40 50 60 PWHT at 400°C

200-l PWHT at 5800 C

Cooling time at8/5 KV_ 40 C  A PWHT at 00C v

1

Fig.4 Effects of the cooling time (t 8 / 5 ) ..35-0 .....a -- ,-- 0.02.. .4_
on the austenite grain-si7e (Tp o
1350°C) o 0.008 0.016 0.024

wI .%

- Phosphorus

Fi 6 Effects of the phosphorus content on

the Charpy V-notch toughness at -40
0
C

of the grain-coarsened HAZ with T -

1350
0
C and 6t 8 /5 - 5s.
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Double cycle (T )I1 1350
0

C (At 65
( 815)(--5

3008/25

Steel A
Slt 8 -a

200- Steel C . . ..

: D o u b l e w e l d t h e r m a l s i m u l a t i o n K V-40- - K S teelV -4 o

Effects of the peak temperature of --

the second cycle on the Charpy V- 00
notch toughness at -40'C for the -. . . ._
initial Rrain-coarsened HAZ ( Tp 0
1350

0 C oi the first cycle) The 800 800 1000 1200 1400

cooling time (At 8 / 5 ) was 5s and ____ TP
1 2 s . D o u b e c y c le ( 1( 3 5 0 C ( W , AS ) >, 1 2

300

Steel A

SleI B

200 Steel C . . . .

KV-400C Steel D
N

100 \ / \

0 1L 717 - -
800 800 (000 1200 1400

Tp

Single cycle a 18/5 o 5

300

N-. i'22 nioe
20 \ SeelS -. - - -

KY 200 . -- -D. - Fig. 8 Effects of the peak temperature (T )
4,\ A //on 

the Charpy V-notch toughness at

o/ -40
0
C for the cooling times of 5s,

% - 12s and 35s.
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SMAW Bead in groove weld
SMAW Butt weld

30mm plate thickness

E =3.5MJ/m

(b

SMAW Bead in groove weld: E 3.SMJ/m

100 /7Distance from
________________ the fusion %lo (FL)

50~ Width of the wrain coatrs..ed zone

I I - -St. s*I A sectioned by the notch at
steel a 8 the brittle fracture Intialtion

0 i / 1".i. (a)
0 1 2 3 4 5 8 7 8

CTO

Fie!. 9 Bead-in-groove testing with an elec-
tro discharged machined (EDM) notch
(a) The CT0D specimen.
(b) The weld bead geometry.
(c) Cummulative presentation of the d

CTOD results expressed as per-
centage of duplicate specimens.

SAW Butt weld: E: 3.5MJ/m

100 Fig. 11 Evaluation of parameters influencing
-'upon the initiation of brittle frac-

-.-.... ture in the grain-coarsened HAZ /9,
/ ii 10/:

(a) Relationship between the length
50-I-I of the grain-coarsened HAZ, the

ISteeto distance to the fusion line and
steel aS -- the CTOD values for 30mm thick

/ ~ .' S:::C - - .specimens with through thick-

0 *- . . . ness notching.

0 1 2 3 4 5 6 7 8(b) Definition of the parameters2Tm used in (a).
- CTODI ec

Fig, 10 : Cuznmulative presentation of the CTOD
results from shallow surface notched
specimens (a/W - 0.06) from butt
weldinents, expressed as percentage
of duplicate specimens.
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Single cycle Tp z 1350C Ai,/5 - t2.

Steel 4 Steel 8 300
J Steel A

Steel e . . ..-

2OC. SteelO - --

...-.... K 400C SteelS -0 /

p I PO--OC

-200 -150 tOO -50 50 100 150

------..... Teeeuretsn.

N $0|NI Single cycle - 7 100O C Al e 1  12.I_! .i=v o -s, _, _____ ________
300 - _____ __________

Steel a

Specimen 4B3 Specimen 8 3 0o Steel ?00 C -

Fig. 12 Examples of load/clip-gauge records 0 27J . .

from bead-in-groove specimens of a 200 1-0 6,6 50 o0 0 so 100 50

low-carbon microalloyed steel (Steel TeFerature

4) and a CMn steel (Steel 8) /12/.
Fig. 14 Charpy V-notch transition curves of

the single cycle weld thermal simu-
lation of the grain-coarsened HAZ

R.D. (upper figure) and the grain-refined
HAZ (lower figure).i

~ottSingle cycle Tp =135000at8, 2

Steel 1

(a) Steel 2 --------

Steel 3 ... . .. .

Steel 4. ..........

Electronbeem weld
Steel 6 .

Steel 9

,'- - -" S t e e l 1 0

2.. . -•30 0 __ _ _ _ _ _ _ _" _

(b) /1/2--

200 ' ,, //',-

Fig. 13 Dimensions of the crack-arrest .
KV 0 -specimens _229C

(a) MRL specimen. A , _ " \ \

(b) DUP specimen. 100

Fig. 15 Effects of the peak temperature (Tp) - \
on the Charpy V-notch toughness at
-220 C of weld thermal simulated spe- 0' '
cimens. Steel 8 is a CMn steel while 0o 800 1000 1200 1400

the other steels are low-carbon
microalloyed steels /2/. Tp
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APPLICATION OF TMCP STEELS
FOR SHIPBUILDING AND

OFFSHORE STRUCTURES

H. J. Kim W. Y. Choo
Welding and Materials Research Institute Research Institute of Industrial

Hyundai Heavy Industries Co., Ltd. Science & Technology
Ulsan, Korea Pohang, Korea

ABSTRACT have looked for HT steel plates which can be

welded with high heat input welding processes.
On the other hand, the situation in

The type of high tensile steels used for offshore industries is quite different because
general shipbuilding has been changed from of the difference in operating condition.
conventional steels to TMCP steel as the latter Along with the progress in ocean development,
provides an appreciable improvement in produ- offshore structures have been designed under
ctivity through the broad application of high more severe conditions for operation in deep
heat input welding processes and the less waters subject to higher waves or in polar
restriction in welding workmanship. However, region. To cope with these severe conditions,
the softening behavior occurring in the HAZ the steel plates for offshore structures have
of high heat input welded joint becomes severe to have an excellent toughness not only in the
with increasing heat input and thus can limit base metal but in the weld heat afrected zone
the maximum heat input applied. For offshore (HAZ), and thus to insure the security of
application, on the other hand, the apprecia- offshore structures from brittle fracture.
tion of TMCP steel has not been widely This has led to an specification requiring
accepted and further evaluations are needed prequalification of steel plate and severe
for its favorable usage. Most importantly, limitations in welding practice. Eventually
based on the studies on HAZ toughness related steel makers were requested to perform the
.ith local brittle zone, it is discussed that crack tip opening desplacement (CTOD) test on
the maximum heat input for TMCP steel can be the HAZ as a part of prequalification of their
increased substantially over that specified steels.
for conventional steels. In short, the structural steels needs for

shipbuilding and offshore structures are not

the same in terms of the user's requirements,
i.e. shipbuilders consider its capability for
high heat input welding processes but offshore

THE QUALITY AND COMPOSITION of structural fabricators concern its resistance against
steel plates used in heavy industries have brittle fracture in the welded joint.
changed considerably over the last decade, The scope of this paper is to illustrate
almost entirely in response to demands laid from industrial viewpoint how those require-
down by fabricators and operators. In the ments have been accomodated by the application
shipbuilding industries, as an integral par- of advanced steel grades, particularly by that
of the energy saving measures, the use of of thermo-mechanical control process (TMCP)
high tensile steel (HT steel) having a yield steels. The first part of this paper will
strength over 32 kg/mm is gaining wider describe the TMCP technology compared with
acceptance to reduce overall weight of ship. those of conventional processes and will
At the same time, shipbuilders have modified demonstrate the possible advantages obtained
the high heat input welding procedures to be by using TMCP steels. In the second part,
more practical in shipbuilding and have tried steel plates including TMCP steel developed
to expand their application to reduce produ- for high heat input welding will be evaluated
ction cost. As a consequence, shipbuilders for selecting a better material in shipbuilding.
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In the last part, the capability of TMCP

steels for offshore structures will be
discussed based on its superior resistance to
brittle fracture. Structure Normalzg COiL,,

9  
AcC TMCP

Rece ps t~hziid
Reg-o

Non-

Characteristic of TMCP steel Rerryst.adZd
Regi- .. ..

Austent.

The definition of TMCP has not been well FLr -

established yet, but it is understood to Forrite.P~arit,
employ such techniques as (a) rolling process Air Air Water
in the non-recrystallized austenite region, Iferrion ogaioitl

(b) rolling process in two phase ( O + r )
region, (c) lower heating temperature of slab
and (d) accelerated cooling after controlled
rolling. Because the most striking improve- Fig.l Schematic drawing of manufacturing
ment in strength and toughness can be obtained processes of high tensile steel plates.
through a combined process of accelerated
cooling and controlled rolling, the accelera- microstructural difference between the air-
ted cooled type TMCP (hereinafter referred to cooled normalized and the accelerated-cooled
as TMCP) has been applied very widely for TMCP steels is presented in Fig.2. The second
manufacturing various grades of steels, phase observed in the normalized steel has a

Fig.l compares the manufacturing process typical lamellar structirc )f pearlite while
of TMCP steel with those of conventional that in TMCr steel is likely a single phase
steels. TMCP with water cooling is simply or bainite and is distributed in a very fine
an improved version of controlled rolling (CR) scale. By utilizing this strengthening effect
wherein slab preheating and rolling conditions of accelerated cooling the TMCP makes it
are controlled more strictly than the possible to decrease the carbon equivalent to
conventional CR practice. As shown in this less than that of conventional steels result-
figure, the TMCP consists of the two step ing in the improvement of weldability.
controlled rolling, in which the first rollinq
is performed in the recrystallized region and
the second one in the non-recrystallized
region of austenite, and the accelerated Application of TMCP Steels for Shipbuilding
cooling in the transformation ( t -o ) region.
The purpose of controlled rolling which makes
up the first half of the TMCP is to obtain a High Tensile Steels for Shipbuilding
fine microstructure which can reserve good
toughness, and that of accelerated cooling The employment of high tensile (HT) steel
which makes up the second half is to introduce plate for shipbuilding has been initiated in
hard phases into ferrite matrix and thus to the 1960's in Japan, and increased substanti-
increase the strength of steel plate(l). The ally for last ten years to meet the growing

(a) (b)

Fig.2 Microstructure of high tensile steels manufactured (a) by normalizinq
treatment and (b) by TMCP. P:Pearlite, B:Bainite
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since they have a relatively high carbon
equivalent and contain microalloy elements

Mild such as Nb and V and thus require preheating

*to prevent cold cracking and a restricted
5 30 welding heat input for satisfying the required

HAZ toughness. Due to these problems, the
T introduction of TMCP steels was highlighted

in the shipbuilding industries and it contri-
buted significantly to the greater use of HT

20 steels, particularly HT36 steel(2). Under
4, this circumstances, even higher tensile steel
d with yield strength of 40 kg/mm2 (HT40) has

Z tbeen developed very recently by applying TMCP
4and is now being used in Japan for fabricating

0ship strength decks and other important hull

strength members(3).

0
Steels for High Heat Input Welding

In the normalized steels, the carbon
Yeor equivalent (Ceq.) value becomes higher with

the strength level as listed in Table 1. As

Fig.3 Amount of mild and high tensile a consequence, HT steels are more sensitive

steel plates used for shipbuilding to heat cycles than the mild steel with higher
susceptibility to weld cracking at HAZ in low

demand for large-sized vessels. This resulted heat input welding and with lower impact

in a considerable weight reduction of hull toughness in the HAZ associated with high

structure, heat input welding.

In the present rules of the Ship Classi- Although the weld cracking problem was

lication Societies, two grades of HT steel able to be managed mostly by using low

are specified depending on yield strength hydrogen type welding consumables, the HAZ

level, i.e. HT steel with a yield strength embrittlement occurring in the high heat input
of 32 kg/mm 2 (hereinafter referred to HT32) welded joint could not be solved since it is

and HT steel of 36 kg/mm
2 (HT36). In this caused by the austenite grain growth during

company, the HT steel has begun to use since welded thermal cycle. Hence, the application

1980 and its usage increased very repidly of high heat input welding processes such as

year as shown in Fig.3. However most of the one-side submerged arc welding (SAW) and

HT steel used were HT32 plates and the HT36 electro-gas or slag welding processes were

plates have scarcely been used. A part of the restricted severely in welding conventional
liT steels.

reason for this is the relatively poor HT sto pt le

weldability of the conventional HT36 steels In an effort to develop steel plate that
can withstand high heat input several kinds

I207

(a) (b)

Fig.4 Microstructures of HAZ near fusion boundaries in (a) Ti-treated and (b) non Ti-treated
steels.
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Table 1 Typical carbon equivalent (Ceq.) of treatment can not relieve the various restric-

steel plate produced by normalizing treatment tions applied on the welding workmanship of

--------------------------------------------- HT steels. This fact is quite important
Steel min. Y.S. min. Cv, at * since the productivity of shipbuilding is

grade (kg/mm2) -400 C, (kgf-m) Ceq. largely limited by those restrictions on
welding workmanship(2).

E 24 2.8 0.27 Concerning the limited function of Ti-

EH32 32 3.5 0.37 treatment, it has been claimed(8,9) that a
EH36 36 3.5 0.41 part of TiN precipitates dissolve in the area

adjacent to the fusion boundary heated at a
temperature close to the melting point so that

* Mn + Cr+Mo+V Ni+Cu it can not act as a pinning site or as a
Ceq. = C + -- Y----5 nucleation site. Futhernore, it was reported

(10) that Ti and free N produced as a result

of HT steels have been developed by adding of dissociation of TiN exhibit a deleterious

various alloying elements which are known to effect on HAZ toughness. Another thing to

be effective in suppressing the grain growth mention here is that a formation of upper

of in gathering impure elements such as N(4-7) bainite or side plate ferrite can not be

Addition of Ti was the most popular method prevented in the HAZ of both steels unless

adopted for this purpose(4-6). Metallurgical the carbon equivalent of steel plate lowers

basis for Ti addition is to form finely sufficently. Therefore, the steel plate for

distributed TiN precipitates which are stable high heat input welding would better be

at high temperatures and thus to suppress the designed in a way to lower its carbon

grain growth in the HAZ near fusion boundary equivalent and thus to suppress the formation

as well as to promote formation of ferrite by of upper bainite. The adoption of TMCP made

acting as nuclei of -transformation. Fig.4 it possible and thus can secure the HAZ

(a) and (b) show HAZ microstructures of Ti- toughness even in the non Ti-treated condition.

treated (Ceq. = 0.41) and non-Ti treated steels Actually, when TMCP steel was used as a

(Ceq. = 0.38) respectively. The welding was base metal, higher heat inputs over 100 KJ/cm

done on the 15.5mm thick plate with electro- could be applied. Fig.7 shows the result of

gas welding process. As expected, not only Charpy impact test performed on the 25mm thick

the width of coarse grained region but also TMCP steel plate (Ceq. = 0.32) welded with

the size of prior austenite grains revealed heat input of 173 KJ/cm. It is understood

along the fusion boundaries are much smaller from this result that such a high heat input

in the Ti-treated steel than those in the non- is still applicable for TMCP steel. With

Ti treated (conventional) steel. Such differ- further increasing heat input, it was found

ences in HAZ microstructure would influence that the weld metal toughness drops to a

the impact toughness property of HAZ. The larger extent than the HAZ toughness. In

result of Charpy impact test made on the both other words, the practical limitation in

welded joints are shown in Fig.5. The impact welding heat input for TMCP steel is set by

properties in the HAZ of Ti-treated steel the limitation of the weld metal toughness

meets the required value for the hull structu- but not by its HAZ toughness. Therefore, the

ral plate of DH grade while in the case of the maximum heat input for TMCP steel can be

non Ti-treated steel plate the resultant HAZ further increased in future by the development

impact values are below than that required. of welding consumables.

With such a favorable result, even higher As described above, it is quite clear

heat input was applied on a Ti-treated steel that there are various advantages in fabrica-

plate to find out the maximum heat input ting ship structures where conventional steel

applicable. Fig.6 shows the result of Charpy plates are replaced with TMCP steels in terms

impact tests performed on the electro-gas of wide application of high heat input welding

welded joint of 24mm thick Ti-treated steel processes and less limitation on the welding

plate (Ceq. = 0.41). The applied heat input workmanship. However, it is worth mentioning

was 160 KJ/cm. As shown in this figure, this here that there are several things to be

welded joint satisfies no longer the required considered in .abricating TMCP steel. One of

value specified for the base plate of DH grade. those is the strength reduction of welded

This result and that shown in Fig.5 joint. It is mainly because the strength

demonstrate that Ti-treatment of steels is increased by accelerated cooling process is

quite effective in raising the maximum heat lost either by weld thermal cycles having

input but still has a clear limit at about slow cooling rate or by post weld heat

100 KJ/cm. Besides, it is also kept in mind treatment (PWHT).

that since Ti-treatment does not affect the
carbon equivalent of steel plate, this HAZ Softening
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9/

When a high heat input welding i- applied minutes. This result clearly shows the
on the TMCP steel plates, softening in HAZ additional softening occurring in the HAZ as
occurs since the strengthening effect of the well as in the base metal. In order to
accelerated cooling is diminished by the slow emphasize the significance of HAZ softening,
cooling rate involved in the weld thermal the tensile strengths of TMCP steel welded
cycle. Fig.8 shows an example of the joint were compared with those of normalized
hardness profiles accross the HAZs of the steel in the as-welded and in the PWHT condi-
TMCP and the normalized steels. The normali- tion. A significant reduction in tensile
zed steel shows higher hardness values in its strength is shown in the TMCP steel welded
HAZ while the TMCP steel shows lower hardness joint but a little change in the normalized
values. This softening certainly increases steel. Since the strength obtained in the
as the welding heat input increases or as the PWHT condition falls below tne specified
carbon equivalent of base metal decreases, strength of 50 kg/mm , the application of

The degree of softening, which can be PWHT on the TMCP steel structure should be
represented with the minimum hardness value limited unless the PWHT temperature lowers
measured in HAZ, is plotted as a function of substantially.
heat input in Fig.9. As a result of softeninq
in HAZ, the transverse tensile strength of
TMCP steel welded joint decreases with the
increase of welding heat input as shown in App-,lication of TMCP Steels for Offshore
Fig.10. It was also noted from the broken Structure
tensile specimens that fracture always occu-
rred within the HAZ as shown in the inserted
photograph of Fig.10. This result demonstra- In the offshore industries, a combination
tes a important role of HAZ softening in of increased use of fracture mechanics by
determining the tensile strength of TMCP steel design engineers and the identification of
welded joint. Therefore, since the degree of local brittle zones (LBZ) in the HAZ by
softening increases as the carbon equivalent metallurgist has required quantitative tough-
decreases at a given strength level, the lower ness analysis in those regions. For this
limit of carbon equivalent should be specified purpose, some oil companies have developed

considering the maximum heat input used in the 11AZ toughness evalaation programs (prequali-
shipbuilding industries in order to preserve fication tests) which were published in 1987
the base metal strength even after the high as A1I Recommended Practice 2Z, and also
heat input welding, specified the minimum CTOD values. The typical

If post weld heat treatment (PWIrM) is CTOD val-es required are 0.15-0.35rm at -10
0

c,

applied, further softening is anticipated. depending on the specific project.
Fig.ll shows the result of hardness measure- Traditionally, offshore structural steels
ments before and after PWHT at 580

0
C for 30 have been delievered in the normalized condi-

t ion and thLis have a high carbon equivalent.

230"-

SAW
70KJ/cm *Hardrss at 2mm

220 away ftom F L

o 0 0 Nor ,

o" / -0-TMCP ,, 0

0 0

C 40

BM4 HAZ FL WM . . - I
Bose M l to 30 SO to

HEAT INPUT. KJ/cm

Fiq.8 :'=rdness profiles in the HAZs of Fig.9 Variation of minimum hardness in RAZ
normalized -1d TMCP steels welded with heat of TMCP steel with welding heat input.
input of 70 KJ/cm.
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type and BS 4360 Gr.50D delievered in normali-

zed condition, and their carbon eciuivalerts

were calculated as 0.31 and 0.41% respectively.

6 a 8The thickness of both plates were 45mm. The
Cgroove was made in K shape and the welding

was performed either by shielded metal arc
pwelding (SMAW) with low heat input of 15 KJ/cm

\ 0 or by submerged arc welding (SAW) with high

- heat input of 50 KJ/cm. Machined notches were
0 made to locate fatigue crack tip along the

oiJ coarse grained region of HAZ. The CTOD tests

'at four different temperatures, ie -10, -40,
I -60 and -80

0
C, were performed in accordance

Swith BS 5762, and their results ace shown in

14. Fig.13. From this figures, it is noted that

P TMCP steel exhibits better HAZ toughness than

the normalized steel regardless of heat input

45 level and that TMCP steel appears to be less
sensitive to the welding heat input. More

significantly, all of the normalized steel

specimens tested exhibited brittle fracture
mode in their fracture surface, only five out

so 40 W 120 16 of 17 TMCP steel specimens did. Through a

HAET NPUTKJ/cm careful examination of sectioned specimens, it

was found that the brittle fracture in these

Fig.10 Effect of welding heat input on the specimens always initiated from tLe coarse

transverse tensile strength of TMCP steel n~~nd rou~n of PAZ, so called local brittle

welded joint.

However, as the TMCP has been found to be very

effective in improving weldability of steels
through the reduction of carbon equivalent,

the TMCP steel was eventually specified in APT
specification 2W for offshore structures in TMCP

1987. N-O- NORMALIZED
In this institute, the CTOD property of

TM,CP steel welded joint was studied and

compared with those of normalized steels. 60 \
The steels selected were AFI 211 Gr.50 of TMCP \

W55 -- T
200 SAW UO

40K J/cm W

0 as-weld -\

9 PWHT zo- LJso

0-0"--0"0b"O- -00 O1

1 Y__ PWHT_5_8_0__C._3_0_MIN

140 N!M HAZ FIL -WM-
as recevd welded PWHT

late Joint

Fig.ll Effect of PWHT on softening of TMCP
steel welded joint. 'ig.12 Effect of manufacturing processes

on the tensile strength of welded joint.
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1:: X-.1 tsst re sit of the ((AZ in as-weldjed condition, (a) TMCP and (b) Normalized steels

zox Q!&IZ1i come to specify TMCP steel to be used exclu-

yethe. &TO- val is evaluated, the sively for the primary structure. However,
c-twh xl wat~ is mt inportant with respect they did not consider to alleviate the variois
to the Cieaained ((AZ. is. 14 shows the restriction imposed on the welding practice,
!elationsir Letween the (fTn value and the for example maximum heat input of about 50

ncino dre ae!reoi on located KJ/cm and prehoatinll temperature requirement

1 inn the taii crckO .t It Shows tha~t of AWS D1.1, which have been applied to nor-
the2- vav nop ufstuinti(ally when the malized steel. Frem the fabricators point of

ftrt1 0! CaISCt ;raned ((AZ exceeds a view, the current heat input restriction,

1 ntair iu about K in the case of normally 15-50 KJ/cm, could be modified into
150-lze ste an I bW ' 1 in the TMCV a broader range reflectingi the excellent CTuD

1tel Tis ri t I~n Wir Lh oe CrUD test properties obtained in this heat inoot ranlje.
ivsll (Fl.11 in ic ates that TMCP steel is In addition the preheating temperature could

mote resistant to 15Z IGan, the n'"Malized be lowered significantly considerinq the low
_____I inr the cae of 5t KJ,cin. carbon equivalent of TACP steel so that the

Recentl b,-perfilps recoil -r inq the TMCF advantage of TMCP steel could be fully utili-
nteol in more 1hZ-ionstant st eel thin the zeud and favored in the offshore industries as
normaized steel , several ocil unalwin ies nave has been accomplished in the shipbu ild an-

40D Concludinq Remark

E

After tire introduction of TMCP steel, in
P e~irly 1980's, it has been r2cognized to

90 possess a 10021 combination ot mechanical
(isoperticel and weldabi lity, and they have

0 12001, applied very widly by replacing convon-

- Nor -~t usnal steels. in shipbui ldinq industries,

0.2 0* TMCP particular ly TN'CP steel plays very important
,)Notrole not only ini escAlating the u1se of higth

0 r, tensile steels which can iedure hou11 weight

5 L but also in saving the fabrication cost0 5 10 15 20 30
FRuch= of Cuarse Grained Region0 / t hroiiqh the less restr ic-tion on the weId ina

piaciIcu. The max imum heat input , tat examp~le

--- 9 VA~tO ICDvlea 1OW , can he ra isod op to the we ri-inq limit of

ti. I 1-t 1 ) ofs "'a !;i! .arline It -Ia welchinq consumables without lIavin-I anrypo

(I fy-I io lit lI~tle Ii ed re O* ( in ((AZ toughness. Itewevci , tile drawback
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Of TMCP may be the appreciable strength reduc-

tion of the high heat input welded joint and
the limitation of PWHT.

In offshore industries, however, the TMCP
steel has not been appreciated as much as that
in the shipbuilding industries. The main
reason for this seems to be the conservative
attitude of oil companies in selecting steel

materials for their structures. However,
under the recent change in offshore structures

I i.e. the steel plate becomes thicker and
the HAZ toughness is of the most important
concern, there is a movement to use TMCP steel
preferentially for the primary structure. It
is further expected that, through more syste-
matic studies on HAZ toughness record related
with LBZ and on the accumulating supply, the
use of TMCP steel will be stimulated more
intensively and come to be favored in the
offshore industries as well.
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welded joint and have developed a new type of

ABSTRACT steel which had high toughness in the welded
joint even with high-heat-input.

Exploitation of new offshore resources requires
high strength steel with good weldability. Low IRE METHOD OF IMPROVING THE HAZ TOUGHNESS IN
Pcm steel, transformation strengthened by an IIIGII-HEAT-INPUT WELDING
accelerated cooling process, has been moeting
this requirement aided by the use of the full The method of improving the HAZ toughness
potential of microailoying elements. In this in high-heat-input welding can be summarized
process it is very beneficial to use niobium into as follows:
(Nb), a small amount of which strengthens the 1. improvement of the matrix toughness;
base plates and prevents the weld heat affected 2. prevention of microcracks (prevention of
zone (PAZ) from softening, through precipita- producing M-A constituents);
tion of Nb(L,N) or lowering transformation 3. control of the microstructure;

temperature. Niobium also toughens the base a. suppression of bainite and/or martensite
plates b- refining grains. On the other hand, transformation;
the combination of microalloyfng elements ). refinement ot the microstructure.

(boron (B), titanium (Ti), and so on) can We gave detailed consideration to these thr
improve the PAZ toughness. Thus by combining points.
the effect of microalloying elements and the IMPROVEMENT OF ThE MATRIX TOUGHNESS -
accelerated cooling method appropriately we Effective ways to improve the matrix toughness
have developed steel characterized by Nb-Ti-B are to de-rease carbon equivalent (Ceq.= C+Mn/6
microalloving, reduced aluminum (AI) and +(Cu+Ni)/l5+(Cr+Mo1-V)/5) and to eliminate
balanced nitrogen (N). This steel can match residual elements. The recent development of
the requirements of high-heat-input welding Ls the Thermo-Mechanical Control Process (TMCP)
applied to offshore structure used in low enables the production of high tensile strength
temperature. steel with a low Ceq. [2][3].

Unfortunately, however, a high-heat-input
welding tends to soften the welded joint
strength of the TMCP steel. The addition of

RECENT EXPLOITATION OF OIl. AND GAS tends to be niobium had been considered to prevent soft-
moving into the regions and environments which ening of TMCP steels in welding. Fig.l illus-
are very hard on steel structures. This is why trates the influence of niobium content on the

steel with suificient toughness at low tempera- strength of the welded joints and that of the
tures, such as -60'C, are required. On the weld metals. A small amount of niobium in base
other hand, the steel, whose properties are not metal can prevent the weld metal from sof-
damaged by high-heat-input welding, are re- tening, since the niobium, which dissolves into
quired in order to increase welding efficiency. weld metal, holds the strength of

But up to this tine, heat-input has been the welded joints through precipitation of
restricted in welding steel used in low-temper- Nb(C,N).
ature because grain coarsening, which occurred Large amounts of niobium, however, tend to

through high-heat-input, deteriorates the deteriorate toughness of the welded joints.

welded joint toughness f j. Then a small amount of niobium, less than
Therefore, we investigated the ( fect of 0.020%, was microalloyed to put its streng-

microalloyIng elements in the high-heat-input thening-and-toughenIng effect into a practical
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Fig.l The Influence of Nb content in base
metal on tensile strength of butt-weld-
joints and all-weld-metal,;

Base metal 0.llC-0.3Si-l.4Mn
Weld joint : SAW high-heat-input Another effective method Drove the

welding matrix toughness is to reduce , trog(
because nitrogen in solid sol ' n de- -c"
the toughness of the matr Reduction ot

use in the TMCP. The addition of a large soluble nitrogen can be achi, by two means:
quantity of niobium generally induces some one i; to reduce the total nitrogen content and
deterioration in the toughness of the weld [4). the other is to add some strong nitrogen-
On the contrary, we found that a small amount scavengers, e.g. Al, Ti, B, Zr and so on. This
of niobium, up to 0.020%, hardly affects the point will be discussed later.
toughness of the weld metal and the BAZ at all, PREVENTION OF MICROCRACKS - Increase of
as shown in Fig.2. the hardeningability of steel has a general

trend of producing M-A constituents f5l in HAZ.
M-A constituents can easily create Criffith

0 Icracks between the M.-A constituent and matrix
- 150- 0 ferrite and damage the toughness of the UAZ.

"Accordingly it is important to optimize the
C 0 100- 0 hardeningability of the steel and to decrease

the amount of M-A corstituents.

0 > 50- CONTROL OF TIE MICROSTRUCTURE - Suppres-
sion of bainite and/or martonsite transfor-
Tration and refinement of the microstructure are
very effective in improving the HAZ toughness.

,. 5OFig.3 shows the effect of changing the
ri 150-microstructure and the influence of sciuble

4J nitrogen on the toughness of the fusion line in
E o 100 the high-heat-input (13kj/mm) welded joints[61.

-N As mentioned before reduction of soluble nitro-
A 0 gen results in the improvement of th IeAZ

toughness, but this trend is dependent on the
microstructure, as shown in Fig.3.

0 0.1 0 0 The vTs value of the HAZ, composed of a
large quantity of bainite, can not be lowered

Nb (wt. %) below -40'C even if soluble nitrogen is reduced
to zero. It is consequently recognized that

Fig.2 The Influence of Nb content in base the microstructure in the PIAZ should he corn-
metal on Charpy absorbed energy of weld posed of ferrite-pearlite in order to obtain
metal and fusion line sufficient toughness at -60*C.

Base metal : 0.I1C-0.3Si-1.4Mn In addition to this, it is unquestionable
Weld joint : SAW high-heat-input that the refinement o' the HAZ microstructure

,elding always achieves high toughness.
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Fig.4 The Influence of heat-input on the
toughness of the welded joint HAZ, which

DEVELOPMENT OF CU-NI-NB-TI STEEl indicates the most inferior toughness

Taking into consideration of the three

PAZ-toughness-improving meaaurcs mentioned
before, we had developed Cu-Ni-Nb-Ti steel [71, a high temperature, can prevent the austenite
cf which the chemical composition is shown in grain from coarsening during heating in the
Table 1. A small amount of niobiun, the effect weld thermal cycle through the Zoner pinning
of which is promoted by an accelerated cooling effect f 81. Finely-dispersed TiN can become
method (one sort of TMCP), toughens the base the nucleation site of pro-eutectoid ferrite
metal and prevents the weld metal from soft- during cooling, and the reduction of soluble
ening. On the other hand, a small amount of nitrogen by titanium addition also contributes
titanium toughens the welded joints: Finely- to the improvement of the HAZ toughness [9][101
dispersed TiN, which is very stable nitride at fii].

Table 1 Chemical Composition (wt %)

C Si Mn P usot. * [ I *C S1 Mn P Cu Ni Nb Ti N Ceq* Pcm

0.08 0.22 1.33 0.013 0.002 0.1T0. 24 0.015 0.017 10.023 0.0020 0.33 0.171

Mn Cu+Ni Cr+Mo+V
• Ceq =C + T+ - + -5

6 15 5
Si Mn Cu Ni Cr Mo V

** M =c C + - + - + + 2 + -- + S B

Table 2 Properties of the Base Metal

Thickness Tensile test Charpy impact test

(mm) Direction i YS(MPa) TS(MPa) (%) Direction

30__ T 449 509 36.6 L37 -1I I

T : Transverse L : Longitudinal
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The Cu-Ni-Nb-Ti steel indicates very high 250

toughness at -6OcC in the base metal, as shown

in Table 2. But the Cu-Ni-Nb-Ti steel can net

keep its HAZ toughness above 1Okj/mr, heat-input

welding, whereas it indicates very high tough- 200 A :1=I ppm
ness in the HAZ at -60C up to 10kj/mm heat- oe:B=1Oppm
-input welding, as shown in Fig.4. This is

presumed as: at high-heat-input welding, TiN, tgo=60s

kept for a long time near the peak teuperature 15 0

on the fusion line, is partly dissolved [121 . q
This results in some grain coarsening, and the

increase of nitrogen in the solid solution can

nut be ombined e.siiy during cooling of the >

welded thermal cycle because of the relatively

low diffusion rate of titanium. 800

If large-heat-input welding is applied, we 50 - tb=5so

therefore have to find another element, instead

of titanium, to promote the nucleation of

ferrite and prevent the bainite or martensite

transformation. 0 L----- J-- _

Boron is one of the best candidates for 0 20 40 0

this purpose because boron has high diffusion N (i,m)

rate in austenite and is a strong nitrogen-

scavenger. Only BN, amongst many other ni- Fig.5 The Influence of N and B content on the

trides, can precipitate from austenite during toughness of the simulated HAZ

the cooling of the weld thermal cycle, and (maximum heating temperature : 1350'C)

become the nucleation site of territe.
Consequently, for new steel, which has

sufficient toughness in high-heat-input The cooling times of 9, 60 and 150 seconds

welding, we studied the utilization of boron, correspond to the thermal cycles at fusion

lines of 1.5, 10 and 25kj/mm heat-input welded

STUDY ON THE IMPROVEMENT OF THE HAZ TOUGHNESS joints of 30mm thick plate respectively.

AT HIGH-HEAT-INPUT UELI.NG EXPERIMENTAL RESULTS
The Influence of Nitrogen with Boron on

From the above considerations the utili- the HAZ Toughness- It is well known that the

zation of boron with titanlum, aluminum and increase of the nitrogen content results in the

nitrogen, which are thought to affect the deterioration of the IiAZ toughness because of

kinetics of boron-nitride formation, was the increase oL nitrogen in solid solution.

examined to control nicrostructure of the HAZ Buit when the steel contains boron, the experi-

and to improve its toughness in a high-heat- mental test results of the influence of nitro-

input welding. gen on the simulated 11AZ toughness, Figure 5,

EXPERIMENTAL PROCEDURE - Table 3 shows showed the reverse trend. Fig.5 also shows the

chemical compositions of the investigated effect of boron addition on the simulated HAZ

steel. After the investigated steel is refined toughness, and a noticeable improvement of the

in the electric furnace in a vacuum, slabs are toughness was observed by the small amount of

hot-forged to 100mm thickness. Reheated slabs boron addition.

are then rolled to 30mm thickness before Small boron-nitride precipitates in the

accelerated cooling. simulated-HAZ samples was observed by electron

The HAZ toughness is examined through the microscope in the boron-bearing steel. Boron-

process of the synthetic thermal cycles. In nitrides were supposed to promote the ferrite

order to evaluate the fusion line the maximum formation during the austenite-ferrite trans-

heating temperature was fixed at 1350
0
C. formation In the HAZ and to have contributed to

Cooling time from 800*C to 500°C (indicated as decrease nitrogen in solid solution, and to

t800-500) was varied from 9 to 150 seconds, improve the toughness of the HAZ.

Table 3 The Range of Chemical Composition of the Investigated Steel

C Si Mn Ni Ti sol.Al E N

0.001 0.0001 0.0008

0.06 0.15 1.40 0.40 0.01 e

0.060 0.0034 0.0070
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Fig.6 The Influence of Boron content onl the
toughness of the simulated HAZ
(maximum heating temperature :1350O() does not impair H-AZ touighness but improves it.

Titanium is one of the strong nitride-
formers, and almost all titanium combines with
nitrogen il the total content of titanium is

However, there must be the optimum amount small compared with the required amount in
of nitrogen to promote the mechan1~n' as men- equilibrium to form nitride. Therefore, tita-
tioned above, and too much nitrogen content nium was added to control the initial nitrogen
might deteriorate the toughness. content in solid solution at the peak tempera-

The Influence of Aluminum with Boron on ture during cooling.
the PAZ Toughness - Fig.6 shows the influence
of heron contents on the simulate HAZ toughness DISCUSSION
at two levels of the aluminum contents: 0.030
wt%-Al and O.OO7wt%-Al. As shown in Fig.6, the To confirm the above experimental results,
influence of boron has remarkably different we investigated the balance of nitrogen in the
trends between with 0.030%-Al and 6.007%-Al. simulated HAZ under high-heat-input welding

When the steel contained 0.030%-Al the comparing the actual analyzed values of nitride
excessive amount of boron addition of more than with values calculated by soluhility limit in
l6pptn extremely deteriorated the toughness at equilibrium. in calculating we hypothesized
the relatively high cooling rate (t800-500= that the values, extracted independently from
60sec.), although it improved the toughness at Fe-Ti-N, Fe-Al-N and Fe-B-N systems as shown
the low cooling rate (tboo-500=150sec.). below [13] [14] [15], were available for Fe-Ti-

This can be interpreted by the interaction Al-B-N system.
among boron, aluminum and nitrogen; that is, log[Al][N] = -8960/T + 2.70 (1)
aluminum is thought to hinder some how the log[BH[N] =-13970/T + 5.24 (2)
formation of boron-nitride and the more excess- log[Til[N] = -16192/T + 4.72 (3)
ive boron strongly hardens the HAZ structure Fig.7 and Fig.8 show the difference between the
when the cooling rate is relatively faster, value of (Ti as TiN)/total Ti and (B as BN)

Or. the other hand lowering aluminum /total B, calculated with a solubility limit in
promotes the formation of boron-nitride by equilibrium of 1350%C, and the analyzed value
increasing nitrogcn in solid solution. And in the simulated H-AZ, which had a cooling time

toughness was greately improved by increasing In the case of TiN, the calculated values
boron up to 15ppm when the aluminum content was coincident with the analyzed ones very well. In
rearly trace, as shown in Fig.6(b). the case of BN. the calculated values are comn-

The Influence of Titarlum with Boron on pletely different from the analyzed ones. The

the HAZ Toughness - From the above experiments latter comparison indicates that almost all
we concluded that low Al-medium N-B steel has a boron exists as soluble boron when kept at a
trend to improve the 11AZ toughness. In this high temperature for a long time, as in the
experiment, the content of titanium was kept at instance of high-heat-input welding. However
constant value of 0.010%. Because it is gener- boron precipitated as BN during cooling before
ally recognized 

that a small amount of titanium 
austenite-ferrite 

transformation.
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Fig.7 The Influence of sol.Al, B and N content maximum heating temperature (°C)
on the ratio of (Ti as TiN) to total Ti Fig.9 The Influence of the maximum heating

in the simulated 11AZ temperature on the amount of sol.N in
maximum heating temperature : 1350'C the simulated HAZ
t800-500 : 60 sec. sol.Al 0.001%

B 28ppm

N 68ppm

analyzed value

1.0 --
rig.9 shows the influence of the maximum

M heating tenperature on the amount of soluble
nitrogen in the simulated HAZ. As a result of
the precipitation of TiN and EN, soluble nitro-

0 gen is reduced to below lOppm at various0,5
Zheating temperature. This is why low Al-high B

steel indicates sufficient toughness in the all

O so. Al=0.031 regions of the HAZ.
M0, + sol. Al = 0.039% From the above investigation we confirmed,

controlling the amounts aluminum, boron and

0 .. nitrogen in titanium treated steel, that the

calulte vaincrease of TiN and BN can toughen the welded
I I I Ijoints significantly.

0 10 20 30
B (ppm) DEVELOPMENT OF A 1.EWk TYPE OF STEEL FOR OFFSHORE

USE
Fig.8 The Influence of sol.Al and B on th"

ratio cf (B as BN) to total B in the From the above-mentioned experimental

simulated HAZ study we have developed a new type of steel

maximum heating temperature : 1350'C which preserves its strength and low-tempera-

t800-500 60 sec. ture toughness even at a high-heat-input

N content 60ppm welding. The chemical composition of this
steel, the properties of the base metal and the
properties of the welded joint are shown in
table 4, 5 and 6 respectively.

This steel is characterized by Nb-Ti-B
Fig.8 also shows that in medium (0.039%) microalloying, reduced aluminum and balanced

Al-high B steel some amount of the boron nitrogen content. An accelerated cooling
remains in solid solution. Soluble boron tends process was applied to maintain the specified
to accelerate bainite and/or martensite trans- strength with a sufficient toughness for

formation, and results in deterioration of the 38mm-thick of TS 500MPa steel plate.
HAZ toughness. This confirms that lowering the The test results showed that the base
amount of aluminum is very effective to dimin- metal and the HAZ have very high values of
ish the detrimental effect of soluble boron. Charpy impact absorbed energy at -60'C.
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Table 4 Chemical Composition (wt %)

SsoZ. ! * **
C Si Mn P S Nb Ti B A N Ceq PCr

0.08 0.14 1.50 0.009 0.002 0.007 0.009 0.0015 0.004 0.0044 0.33 0.17

Mn Cu+Ni Cr+Mo+V*Ceq = C + 6 + +
6 15 5

Si Mn Cu Ni Cr Mo V
*cm C - - +- +- + 5B

30 20 20 60 20 15 10

Table 5 Properties of the Base Metal

Tensile test Charpy impact test NRL test
Thickness Thickness Y¢) TSJ)

(mm) position Direction YS(MPa) TS(MPa) E9(%) DirectionE_ 60 vTs(c) NDTT(°C)

Longit- -80 I 70
38 

1
/4t Transverse 402 527 28.5 dinal 276 -0 7

Table 6 Properties of the Welded Joint

Charpy impact test
Thickness Welding Heat input - - -

(mm) method (KJ/mm) TS(MPa) Notch positio( vE() vch psiti vE 4+ 0 vE -6 0

Fusion line 273 231

SAW 5 547 HAZ 1mm 294 264

HAZ 3mm 294 256

38
EGW Fusion line 165 174

(electrogas

arc 20 528 HAZ Imm 267 222

welding)

HAZ 3mm 294 166

Compared with conventional steel (such as of the M-A constituent precipitation anid the

Cu-Ni-Nb-Ti steel as shown in Fig.4) this new grain size in HAZ.

teel has superior HAZ toughness even in The HAZ microstructure of this steel is

20kj/mm heat-input welding. controlled by the profitable selection of
This results from the refined ferrite- microalloying elements, as mentioned before.

-pearlite microstructure in the HAZ of this This steel is, therefore, expected to have

type of steel, as shown in Fig. 10. As far as excellent CTOD characteristics in HAZ. Then we
welded joint strength is concerned, this steel examined the CTCD properties of this steel with

meets the requirement of TS 500MPa class steel, a small-sized specimen in which the weld
even in high-heat-input welding, due to the thermal histories had been simulated corre-

effect of niobium, as shown in Flg.11. sponding to Ikjmm and 10kj/mm heat-input.
Furthermore, the CTOD behavior of this Test results of three thermal cycles, e.g.

steel was examined because excellent CTOD reheating up to 1350*C, 1350C + 800'C and

characteristics in HAZ have become increasingly 1350'C + 800°C + 450*C, are shown in Fig.12 to
demanded in steel for offshore structure to provide comparisons with conventional steel.

secure against brittle fracture. The deteriorated CTOD characteristics of this
in the CTOD characteristics of HAZ the steel, thermal cycled with 1350C + 800'C, are

occurrence of a local brittle zone (LB7) is recovered through the subsequent 450*C re-

recognized as something which deteriorates heating as occurres in conventional steel. But
fracture toughness. Here the LBZ is defined as the feature of this steel is to show excellent

the coarse grain region which is reheated in CTOD characteristics in high-heat-input

the ferrite-austenite region by the subsequent welding, although even in relatively low-heat-

weld, but not reheated more than 450CC by the input welding this steel shcws better CTOD than

following weld. Recent investigations 116]171 conventional steels do.

[IF] have pointed out the noticeable Influence
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580 CONCLUSION

Systematic investigation of the influence
of microalloying elements, which include

niobium, titanium, boron, nitrogen and alumi-
4 540 low At-Nb-Ti-B num, on the properties of high-heat-input

mwelded joints showed that:
a A small amount of niobium, less than

0.010%, is beneficial in maintaining theLQ strength of the welded joints without notice-
)able deterioration of toughness;• At-Ti-B
sTitanium can control the available nitro-
(V -gen level needed for an adequate amount of BNprecipitation, in addition to its usefulness in

460 the suppression of the PAZ austenite grain
growth;

I I I Boron plays quite an important role in the

base 5 10 15 20 microstructure control of the HAZ. Boron can
metal heat input (KJ/mm) combine with nitrogen during the cooling

process at the welding owing to its high
Fig.11 Change of the welded joint strength diffusion rate. The formed EN precipitates

according to the heat input extremely well and promotes the formation of

ferrite. This results in improving the HAZ
toughness, even though in high-heat-input
welding, where TiN loses its effect of tough-

00 ening the HAZ;

The nitrogen content should be balanced to

produce adequate amounts of TiN and BN which
co-operate to toughen the HAZ;

20 20 Lowering the amount of aluminum reduces

the amount of nitrogen fixed as AIN, promotes
Conventional the combining of nitrogen with boron during

Conventisal 0 steel cooling process, even at relatively fast
steel cooling rate, and this results in keeping the

// IIAZ toughness at various cooling rates.
From the above experimental results we

-20 -20 have developed a new type of steel for offshore
use. This steel shows sufficient toughness at

u -60*C not only in the base metal but In all-4-40 positions in the HAZ even at 20kj/mm high-heat-

input. In addition to that, it is confirmed

that this steel has excellent CTOD characteris-

-60 -0o tics tinder a wide range of welding conditions.
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EXTENSIVE USE OF HIGH STRENGTH
STEEL PLATES PRODUCED BY TMCP
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OFFSHORE STRUCTURES
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Abstract
requirements. The use of TMCP technique is

High strength steel plates have been used again essential to produce these steel plates.
in Japan to build merchant ships for the past The qualification tests including mechanical
two decades. The main purpose of using high and fracture mechanics tests prove that they
strength steel plates exists in the reduction of can be applied to the construction of mobile
weight of ship structures which realizes high offshore drilling units to be operated in the
performance of ships such as low consumption of Arctic region.
fuel. The high strength steel plates for ship The merits of using high strength steel
hull structure had the yield strength of 315 MPa plates produced by TMCP In the actual design
in the early days. In recent years, however, and construction of ships are also discussed.
the yield strength was increased to 390 MPa.
This trend in using higher strength steel plates 1. Introduction
owes to the progress in technologies of steel
plate manufacturing and ship design and The TMCP if Kawasaki Steel's version is
construction. Significant progress in named MACS (Multi-purpose accelerated cooling
manufacturing technique includes the development system), in which controlled rolling is
of thermo-mechanical control process (TMCP). followed by accelerated cooling. Benefits of
The TMCP technique significantly contributes to MACS plates are summarized in Table 1. Taking
the increase in strength of steel plates, advantage of benefits obtained by MACS, new
improvement of weldability and toughness of plates with higher strength, lower temperature
welded joints and reductJon of consumption of toughness and
resources.

The TMCP has been applied to the production Table t Summary of benefits of TMCP plates

of steel plates to increase yield strength Benefits of TMCP (MACS) plates
further without deteriorating weldability and
toughness of welded joints made by high heat
input welding. The 390 MPa yield strength steel For welded joints
plates and their welded joints made with heat (1)DecreasedCeqorPcm a) Improvement of HAZ
input ranging from 15 to 27 kJ/mm are studied toughness, especially in
using ordinary mechanical tests as well as small large heat Input welding
and large scale fracture mechanics tests to b) LoW susceptibility to weld

cracking
prove their good performance in actual use. c) Low susceptibility to SSCC
With these kinds of test, the 390 MPa yield
strength steel plates have been successfully For Parent metal
applied to very large merchant ships such as (2) Reduction of pearlite and a) Low susceptibility to HIC.bulIk carriers. bainite band microstructure

High strength steel plates which are
weldable with heat input as large as 20 kJ/mm (3)Fine grained microstructures) Increase in low temperature
are also required In building mobile offshore toughness, especilly crack
drilling units such as semi-submersible rigs and arrestobillty

caisson rigs. The development and qualification For Productivity
test of 415 and 450 MPa yield strength steel
plates have been performed to fulfill those (4)Omissionof heat treatment a) High productivity

I in on-line production

225



6i

heavier thickness have been developed. More
than a half million tons of MACS plates have Tenp.A
been produced for ships, mobile offshore ,,

drilling units and fixed type offshore \
stiacture ) h as Jackets, and large diameter M- -Tep

Shipbuilders require steel plates which
have excellent heat affected zone (HAZ)
toughness when welded with high heat input. An- -

Large ships have many portions which are A
r °  " -

constructed with plates of large size at ship
yards. Shipbuilders want to decrease the number -Ar

of welding passes. They also want to use
one-side welding because they do not want to
turn over large pannel plates. For 30mm thick Normn CP KIP A(C 1)(

plates, for example, one-side one-pass welding CO-, I
"
o

m I'.
is used. ,cS l-,Ii Pr,

Mobile offshore drilling units such as
semi-submersible rigs and caisson-retained Fig.] Schematic drawings of normalizing,
islands used in the North Sea and the Arctic controlled rolling (CR,KTR) and MACS
region need steel plates with good toughness at process (ACC,DQ)
low temperatures. For these structures whose
minimum service temperature is -50'C, a ship
rule such as ABS rule requires the 2mm V-
notched Charpy absorbed energy of 45J at -800C 0: ACC
for a special application structure. The steel : R
plate for this purpose requires NI content of
more than 1.0% when produced by normalizing :: Norma Heat Treatment
process. As a result, the plate is expensive
and does not have good weldabilit-. The MACS 700 -100
process, on the other hand, can reduce carbon C
equivalent (Ceq) sufficiently to attain a Acceterated
excellent low temperature toughness with the Ni . Cooting / 90
content of less than 0.5%. Z 600-

This paper describes fundamental concept of ]
strengthening and improvement of HAZ toughness 80
in high heat input welding and examples of newly CR A
developed high strength steel plates. The test o 500 A r-

results of HAZ toughness of actual welded joints .- A 70
made with high heat Inputs are mainly described C
for a YP40OMPa grade for ships and a YP460MPa - rm a.

grade for mobile offshore drilling units which 400 I 6
are highest grades in both structural steels 500 70
used so far.

2. Strenpthening and improvement of toughness by 2 -0
ACC C 4 0 0 .

Figure I shows a schematic drawing S
representing the difference between MACS and . 50
conventional processes. The MACS-ACC is ) . 5
suitable for plates thinner than 75mm and the U 300
MACS-DQT, for over 75mm in thickness. The MACS 2 40
plates described in this paper are thl mer than J-

40mm and were produced by MACS-ACC which gives a
mean cooling rate of about 10C/s. Controlled 200 [ -- 30
rolling was followed by accelerated cooling. 0.25 C 30 035 0.40
The finish-rolling temperature was 800*C for AH
and DH grade plates In ship rules and Ar3  t. M Cr.Mo-V.C L) 0i

temperature for mobile offshore drilling units. Ceq(: 6.- 5 15
The yield strength (YS) and tensile

strength (TS obtained by ACC, CR and Fig.2 Relation between carbon equialent and
normalizing for steels with various Ceq values tensilp properties for SI-Mn steel
is shown in Fig. 2. The figure indicates that plates obtained by ACC, CR and
the ACC process increases YS by about 10OMPa normalizing (Notna)
comparing with the normalizing process.
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Figure 3 shows the relation between Ceq of 3. Improvement of PA7 toughness

steel and HAZ toughness. This relation was In addition to the reduction of Ceq

obtained using synthetic HAZ. The cooling time mentioned above, the addition of Ti and rare
from 800'C to 500'C in the thermal cycle was earth element which mainly consists of Ce and is

230 sec, which is corresponding to the heat called REM is effective in improving PAZ

input of 20k3/mm. The decreas2 of Ceq Is useful toughness in high heat Input welding. Figure 4

to improve HAZ toughness. This Improvement shows the effect of the ratio of Ti to N, Ti/N,

results from the change in HAZ microstructure on HAZ toughness. The HAZ toughness (CVN 50%

from bainite to ferrite, which is realized by FATT) is excellent in the region of Ti/N ranging

the reduction of Ceq. from 2 to 3.5 when the heat input is between 3

The improvement of HAZ toughness through and 20kJ/mm. This preferable region is related
tempering effect of the subsequent welding to the small size of TIN precipitate, which is

passes can not be obtained in the case of one smaller than O.O4jm in diameter. Small

pass or two pass welding. Therefore, precipitates of TIN inhibit y grains from
improvement of HAZ toughness through the coarsening in HAZ.

reduction of Ceq and mlcroalloying elements In The RFM forms FEN-oxisulfides as Indicated

steel is very important. The ACC process is by REM(0,S), which inhibit y grains from

useful not only for development of higher coarsening when exposed to thermal cycle of high

strength steel but also for improvement of temperature and work as nuclei of ferrites

weldabilitv of ordinary steels through reduction inside y grains during cooling after welding.

of Ceq. The TiN precipitates are resolved and have

little effect as inhibiters when heated up to
1400'C. On the other hand, the REM(O,S)'s are

SynthelE HAZ not resolved, sc that they are effective even at
Peak temperatue- 1350c that temperature. Figure 5 schematically

Trnefrorn800C to5OOC:230s (Correspondingto illustrates the effects of TiN and F 'I(O,S) on

20kJ/mm for25mittkplate) microstructure of HAZ exposed to high

300- T- --- - 7 temperatures in welding.
200 The reduction of impurities such as N, S

and P improves HAZ toughness in high heat input
O0-REM--Ti welding. Especially soluble N in matrix and N

resolved from TiN during welding deteriorate not

1 0 only HAZ but also weld metal because of dilution
0 REM-ETi0 of N from HA7. In case of Ti-B bearing weld

u 0O REM-8-11  metai, weld metal toughness is more deteriorated

by diluted N which decreases acicular ferrite in
? the microstructure of weld metal because diluted

I A I - 0 N combines with soluble B to form BN
0 28 0 30 032 034 036 038 precipitates. Therefore, nitrogen content of

Ceq % modern plates is usually reduced to below 40ppm.

Fig.3 Effect of carbor. equivalent of steel on

synthetic PAZ toughness, CVN absorbed

energy at -20'C (vE-20) (2552)

)11% 0 25 . , 1 35 .M n -0015 IP -0004 ".S-00 2 .AI -

)0o,*I.RFM 0006-0022/T. -00013-00062 "I.N-01/.Cr -O31*/IN -003*V

Synthetc HAZ? 
20 ,,62

TD f 1350°C TiN

20 / 06

', o/ *-

0K

0 1- -

RMNuIN anKE(,)o h ieo

10

0
-20 800-00.

-o- - 230s

40OO 100 1  4

30s Time

60 -~

0 2 1. 6 8 10 171g.5 Schematic model showing the effect of

Tr N TIN and REH(O,S) on the size of
Fig.4 Effect of content ratio of titanium to austenite grain in HAZ

nitrogen, Ti/N, on synthetic HAZ

toughness, CVN 50% FATT
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4. HAZ softening in high heat input welded joint Figure 7 shows the effect of the addition

From the view point of HAZ toughness of a small amount of Nb on hardness distribution

improvement, the red-ction of Ceq is preferable in HAZ. The addition of 0.005% Nb is effective

as mentioned above, but it is accompanied by HAZ to prevent HAZ softening. The addition of Nb

softening, has often been disliked in the HAZ toughness

Figure 6 shows the relationship between Ceq aspect. However, a small amount of Nb, which

of steel and tensile strength of welded joint. doe a ot exceed 0.015% for high heat input

The relation was obtained by performing tensile welding and 0.03% for low heat input welding,

test of actual welded joints. The specimen was does not deteriorate HAZ toughness as shown in

of NK U2A. The steel plates had variolus Ceq Fig. 8 and furthermore it is useful for

values and were welded with heat input ranging strengthening in ACC process.

from 15 to 25 kJ/mm. To obtain the required In the normalizing process, Nb in steel does

tensile strength of welded joints, the reduction not raise strength 1ecause of formation of

of Ceq must be limited, coherent Nb(C,N) precipitates. In the ACC
process, on the other hand, it raises strength

because of formation of bainitic structure which
results from soluble Nb. It is well known that

600 osAw(1 soluble Nb is effective in refining grain size
-------------- -- of ferrite and bainite through formation of

vP060) deformation bands during controlled rolling.

0 Therefore, a small amount of Nb is indispensable

5 0 0 0 for producing good low temperature toughness
550 0 steel plates for high heat input welding.

00o - - Figure 9 shows the relation between Ceq of

0 0 - - yp- 20) steel and weld cracking susceptibility obtained

8 0 0_ using CIS test with the heat input of 0.5 kJ/mm.

50C .When Ceq is above 0.38%, weld cracking easily
-- (YP360) occurs. Therefore, Ceq should not be above

*0.38%.

025 030 035 040 045 60
Ceq (IACS). "%,

Fig.6 Relation between tensile strength of
welded joints and Ceq of steel plates. Synthetic HAZ
The specimen size of welded joints 40 7p=1350"

follows NK U2A of NK rule. _ tSOO-500__,S H.(25mmSAW)km

Peak temperature , 20- 0 230 22.0
P t 100 11.0

1450 1200 1000 800 700 A 30 1-3

L 0
Trm from 800C to 500"C 230s z

200 O: %Nb >
0): O.005%Nb 20-. .--
0: 0.ol7bNb

-40 0

" .- 60 -

S50 0. 0 001 002 003

aNb , wt.*/.

Fig.8 Effect of Nb content on synthetic HAZ
0 10 toughness

Distance from F.L.(KL- 22.SMJrrrn). mm

100 1 1i 1-- 2

0 5 10 15 20

Distance . m

Fig.7 Vickers' hardness distribution over the

distance from the simulated fusion

lines of steel plates produced by

MACS-ACC.
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5. Newly developed, high strength and low
Heat Input :0.571mm temperature Loughness steel plates
PlIate Thickness: 50mm (Produced by MACS) Examples of newly developed steel plates

for ships and mobile offshore drilling units are
150 shown in Table 2. Three grades of steel plates,

O: No Crack YP32OMPa, YP36OMPa and YP400MPa, have been
X :Crack developed and used for ships, and four grades,

125- 0 YP3201 ja, YP361'Pa, ZP420MPa and YP46OMPa, for
U mobile offshore drilling units.

This paper describes the mechanical.
properties of A and E class YP400MPa grade steel

2 100- 0 0 0 plates (Y4OA and Y4OE) for ships and those of
0 YP47OMPa grade steel plate (Y47S) for mobile

40
0. offshore drilling units as examples. The
E

'~75- 0 0 X chemical compositions of the steel plates are
shown in Table 3. They are characterized by low
Ceq, NTh-REM-Ti bearing and low impurities of P,
S and N. The contents of REM and Ti are 60ppm

* 50 X X Xand 0.007%/, respectively. The mechanical
properties of these plates are shown in Table 4.

25- X X Table 2 List of newly developed TMCP (MACS)
plates for ships and mobile offshore
drilling units

4 _________ MAC$ plates

0.32 0.34 0.36 0.38 0.1.0 0.42 Graie 0
Ceq.( II W(Mpa) YP320 YP360 YP40

for ships Temp. OoC -20*C

Fig.9 Relation between preheat temperature to Thick. 40rm

prevent weld cracking determined by CTS
test and Ceq of steel plate___

Tablenu 3shmclcmpstosooA-4,E4

015 034il 1.18in 0012 0.0 0W0C - - .015 00035 03513022

009~unt 03 1. 01 02 05 .01 003 033 0.1

Table 4 Mhehaical copropetiens of AH4O, EH40

and E1147 modify grade steel platesWO

Pae aeSteel -- V SI Mn P S TS El CE~ yE. 6 Ny E.. 8 0

E 009 A3 34 01 4362 0056 30 0.026 1963 0317

Y4OE6 1HO 5 44 5451 34 0 0

Y47S -- C # 30 S 20 51-0 637 25 J- + 23 22

Table~~(Lnitdia Direction)oprie o A4 E4

an E 4 md fy g ad s el229e 
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The steel was refined by an LD converter and 500
continuously cast into slabs, which were 400
controlled-rolled to 30mm in thickness, followed 1000 -300. N.
by accelerated cooling in the MACS facility. cI.

Figure 10 plots crack arrest toughness, 500-
Kca, obtained by ESSO test vs. temperature. The 6 • a

relationship for the less than 0.5% Ni bearing - 100' Norma
steel plates made by normalizing is indicated by 70 .

a hatched zone. The Kca values of Y4OE and Y47S 50
are higher than those of the normalized plates. a. 40Good crack arrestability is one of the C 30O=

characteristics of MACS plates. _____0_
The following crack arrest toughness has 50' ,

been reported as a requirement.5o the steel OI[IE.01 25 I - I
plates for ship hull structure "0 1 Y 30 I1 L

0 I I I ,

Kca > 4001600kgf1[iii/mm2 (124%186MParm) Q V (C) 20 0 -20 -40 -60 -80 -100 -120

As the Kca value of Y40A plate is more than 30 4. 50 60
600kgf ra/mm

2 at -20C, is has sufficient crack

arrestability as a crack arrester. TemPerature IlTxlO3 . K-'
The crack arrest toughness required to the

steel plates for mobile offshore drilling units
are still to be determined. If the same crack Fig.10 Temperature deperdence of Kca for EH40
arrest toughness requirement is applied, and E47 modify grade steel plates
however, it is satisfied at -68°C. Thus, it is
concluded that this plate can be used as a crack
arrester in the Arctic region.

SAW(M) SAW (2) SAW( )
/ One-Side 1-pass

Mult ipass (One-Side 2-pass 16 .64 I/mm for Y40
5Ok.Tmm 15.1/108kJ/mm (,20. k9 Tmm for V475)

HAZ5rn Fusion Line H A~IIusion LiLi

W M W M W M

a~ F

0E -

CF

Fusion Line W M. W M Fusion Line W M Fusion Line

//

Fig.11 Schematic drawings of welded joints and
notch positions of CVN impact and CTOD

test specimens
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The welded joints of Y4OA, Y40E and Y47S 300
steel plates were made using various kinds of
submerged arc welding(SAW). Multi-pass SAW was V E_40 0
applied to Y47S plate with heat input of 5kJ/mm, vE
one-side two-pass SAW for Y4OA, Y40E and Y47S 250 -60

plates with heat inputs of 15.1 and 10.8 kJ/mm, /
and one-side one-pass SAW for Y40A plate with
16.6kJ/mm, Y40E plate with 14.9kJ/mm and Y47S
plate with 20.2kJ/mm. H 20 0  O

Schematic drawings of welded joints and o
notch positions in Charpy and CTOD test
specimens are shown in Fig. 11. Figure 12 shows I
the CVN absorbed energy at either 0C or -20*C 150- 0
for the notch positions of weld metal (WM),
fusion line (FL) and heat affected zones of 1, 3 >
and 5mm apart from FL. The test temperature
was 00 C for Y40A welded joint and -20*C for 100 " N
Y40E. All the welded joints of these plates 0/
have sufficient absorbed energy values to meet-\
the requirements for DH and EH grades as 0 0
specified in the rules for ship null structures. 50 427

Figure 13 shows the CVN absorbed energy
values at -40 and -60°C for all notch positions
of Y47S welded joint made by one-side two-pass
SAW. The CVN absorbed energy at -60C for 0 _ ____ ____

fusion line is more than 42J. Furthermore the WM FL HAZ HAZ HAZ BM
welded joint of this plate gives the CVN 1mm 3mm 5mm
absorbed energy of more than 42J at -80C if
multi-pass SAW is applied with the heat input of Fig.13 CVN impact absorbed energy values5kJ/mm as shown in Fig. 14. obtained at -40°C and -60°C for the

welded joints of Y47S plate made by
one-side two-pass SAW

Plate Ths mM) Welding Symbol Test 300
300i Setod T I SAW (M) 5k Tim

Y40A 30 • 0 / o ) //

YI0E 25 SAW() 0 -20 Eg /0
0/ 250-

250" * /00 /
• // 0

/

/200 0 200C, 1 o
00 0' 8 8

1 150.
o 0 / * /•

I0
100 0

000 0

0 423 50 421

C , - i . . i I I 1 0

WM FL HAZ HAZ HAZ BM FL HAZ HAZ HAZ BM
1mm 3mm 5mm 1mm 3mm 5mm

Fig.12 CVN impact absorbed energy value Fig.14 CVN impact absorbed energy valued
obtained at 0°C and -20°C for the obtained at -600 C and -80'C for the
welded joints of Y40A and Y40E plates welded joints of Y47S plate made by
made by one-side one-pass SAW multi-pass SAW
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Figure 15 shows the temperature dependence 30 SAW.(2) '%8- WedMet I  
a

of CTOD of the one-side two-pass SAW joint of 2.0 ...... mFusonLine 0
Y47S. A calculation with the assumption that
the design stress is 0.8aYo (aO: specified -
yield strength), the stress concentration factor 1.0
is 2, the welding residual stress is as large as
o , and the surface defect is 0.25t deep and
2. t long where t is thickness gives the 0.5 /
required CTOD value of 0.1mm at service E /
temperture. If this CTOD requirement is E 0
applied, it is concluded that the one-side /
two-pass SAW joint of Y47S can be used at -30'C. O I

The ABS rule classifies structures into " 0
three classes, depending on which Charpy test J 0
temperature is determined 0 to 30C lower than 0.1 / 0i

service temperature. In the case of a special _0/
application structure, for example, the --

material must be tested at -60*C if the service U O,
temperature is -30°C. At each test temperature 005 7
the absorbed energy must be higher than 42J.

Figure 16 summarizes the welding conditions 0
for Y47S steel plate and the fitness as offshore
structures on the basis of the criteria
mentioned above. In the figure, the mark of
circle indicates that the criteria are 001 L_
satisfied. One-side one-pass SAW can be applied -80 -60 -40 -20 0 20
to the structure whose service temperature is
-10°C, one-side two-pass SAW is for -30'C, and Temperature, "C
multi-pass SAW is for -50'C. Fig.15 Temperature dependence of CTOD for the

welded joint of Y47S plate made by
one-side two-pass SAW

Offshore structure
Welding

For Arctic Ocean For Behring Sea For North SeaMethod
(Service Temp -501C) (Service Temp.-30t) (Service Temp:-10")

vE_0,c  E-vE -ot vE -4 o"c

SAW(lpass) X X 0

(20.2kJlmm) 6c -50tc 6c -30tC 6c - 0"C

x X 0

vE-8ot vE-6oc vE- 4 o't

SAW(2passes) X 0 0

(15.1110 BkJmm) 6, _50,C / 6c -30-C 6C -10"C "

X 0 0

S v E -6o'C v E - 6o'C vE -4 otc

SAW(Multi pass) 0 0 0

(50kUmTm) 6c -50C 6 c 30C 6C-lO

00 0

Fig.16 The fitness diagram of Y47S plate made
according to criteria of CVN absorbed
energy of 42J and CTOD of 0.1mm
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A softened zone exists in the welded joint and -50'C, respectively.
made by one-side one-pass SAW. The minimum 7. The steel plates of YP400MPa and YP460MPa had
hardness in the softened zone drops by 35 in Hv good crack arrestability which is a
number for the weight of lOkgf in comparison to characteristic property of the TMCP steel
the base plate, while the tensile strength of plates.
the welded joint is 61OMPa. Even if a local
softened zone exists, the tensile strength of References
the whole welded joint satisfies the aiming 1) C. Shiga, et al., "Ferrite-Fine Bainite Line

value when the strengths of both base plate and Pipe of X70 and X80 grades for Low
weld metal are appropriate. The tensile Temperature Service," Proceedings of Int.
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HIGH STRENGTH PLATE STEELS
FOR DEFENCE APPLICATIONS
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Department of Defence Slab & Plate Products Division Wollongong, NSW. Australia
Melbourne, Victoria, Australia Wollongong, NSW, Australia

ABSTRACT 3/4in) thus covering the ship classes of small
surface combatants and selected areas of

A number of developments which have taken place underwater vessels and carriers.
in Australia with regard to high strength alloy Much of the impetus behind new grade
and low-alloy steels for defence applications development stems from the advances in several
such as naval surface ship and submarine key steelmaking technology areas over the last

construction, and armour plate, are presented decade. This paper will describe the
with particular emphasis on production utilisation in Australia of modern steelmaking
experience, mechanical properties and (BHP) and heat treatment (BIS) facilities to
weldability. achieve enhanced properties in conventional
The developments have utilised, either singly HY-80/HY-100 Q&T grades and also a
or in combination, (i) stringent TMCP schedules thermonechanical]y processed (TMCP) and aged
coupled with separate ageing treatments; (ii) HSLA-80 grade which has achieved significant
conventional Q&T heat treatment cycles applied alloy savings over the hitherto quenched and
to hot rolled plate product; (iii) controlled tempered ASTM A710 type grades. It will also
additions of Nb, V and Ti for grain refinement be shown that these same advances in
and precipitation hardening; and (iv) additions steelmaking, plate processing and heat
of Cu and Ni for matrix toughness and treatment capabilities have enabled the
intermetallic precipitation hardening. production of high hardness armour plate with

very good low temperature toughness and room
temperature formability and excellent ballistic
properties.

PROPERTY REQUIREMENTS
TRADITIONALLY, HY-80 and HY-100 steel plate
grades conforming to MIL-S-16216 specification In order to qualify HY-80 and HY-100 steel
have been used for highly stressed areas of plate for use in highly critical naval
decks, steerage surfaces and hulls of surface structural applications, such as the pressure
ships, as well as pressure hulls and pressure hulls of submarines, the US Naval Sea Systems
tight bulkheads of conventional submarines. Command (NAVSEA) have specified that the steels
The high cost associated with welding these meet several tiers of mechanical test
materials, particularly in relation to requirements. These specifications have also
stringent preheat requirements has in recent been adopted by the Australian Navy for similar
times focussed attention on the development of applications. The mechanical test
more weldable compositions vithout compromising specifications include tensile strength,
on strength or toughness. The efforts made in elongation and reduction-of- area requirements,
the USA in the last few years to permit the as well as stringent toughness and shock
usage of Q&T ASTM A710 conforming steels as a resistance requirements. These latter
more weldable alternative to HY-80 have been requirements are set out below:
particularly successful. At present, the use CHARPY IMPACT TESTS - Standard test
of this steel (known as HSLA-80) has been specimens are taken 3mm below the plate surface
restricted to "non critical" applications (ie. with the notch perpendicular to the plate
precluding crack arrest structures, ballistic surface and parallel to the rolling direction.
plating etc.) and generally confined to plate Tests to AS 1544 Part 2 or ASTM E23-83 are
thicknesses in the range of 6-19mm (1/4 to carried out at temperatures of -18°C (0°F)
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and -840 C (-120 0F). The minimum acceptance tear, for use in the hulls of naval surface
levels for HY-80 and HY-100 are listed in combatants, are identical to the requirements
Table 1. for HY-80 with the notable exception that the

DYNAMIC TEAR TESTS - The location and explosion bulge test is not required. The
notch orientation of dynamic tear tests is the thickness of HSLA-80 plate in surface
same as used for the Charpy tests (described combatants rarely exceeds 20mm, with most
above). Tests are conducted at -400 C requirements falling in the 10mm to 15mm
(-400 F). Minimum acceptance levels are thickness range.
listed in Table 1. One important question to be addressed in

EXPLOSION BULGE TESTS - The ultimate future is whether the Charpy and dynamic tear
qualification test, which measures the benchmark values listed in Table 1, are
resistance to cracking under shock loading is reliable indicators of explosion bulge
the explosion bulge test. This test was performance for other grades of high strength
originally developed by Hartbower and Pellini steel suitable for naval structural
as a means of evaluating and assuring adequate applications, such as HSLA-80. In this
performance of candidate steel plate and respect, an important consideration may turn
welding consumables in the construction of out to be the shape of the Charpy or dynamic
naval vessels(l,2). For this qualification tear curve ie. whether it shows shallow or
test, two crack starter and four un-notched steep transitional behaviour.
explosion tests are required and testing is
conducted at -18°C (00 F). The test FABRICATION ADVANTAGES OF HSLA-80
procedure and acceptance criteria are described (A710 TYPE) COMPARED TO HY-80
in MIL-S-2149 (1983). It is presently
considered that of the two tests, the crack In the naval construction arena there is a
starter test provides the more useful powerful economic driving force to replace
information, as in this case, the resistance of HY-80 with HSLA-80 type steels. This is
the material to the extension of a pre-existing presently manifested in the construction of
crack under explosive loading conditions is naval surface combatants in the USA where
more positively measured, substantial substitution of HSLA-80 for HY-80

The philosophy behind these three tiers of has already occurred.
toughness testing is that as well as being self Although HSLA-80 may be potentially
consistent, the specified property requirements cheaper to produce than HY-80 because of its
constitute three distinct strata in the level lower alloy content the major cost reductions
of assurance of achieving adequate base plate are achieved in fabrication savings. The most
(and ultimately weld metal) crack toughness important of these are listed below:
under shock loading conditions. i) no necessity to preheat HSLA-80.

The Charpy test is relatively cheap and ii) lower level of welding skill required,
provides a useful first approximation to which affords the opportunity to reduce labour
explosion bulge performance. The dynamic tear costs.
test is a significantly larger scale test, iii) greatly reduced inspection and repair
sampling over six times the material of the cost.
Charpy, is still relatively inexpensive to iv) no requirement for time consuming
conduct, and is considered to be a somewhat grinding off of attachments.
more useful indicator of explosion bulge v) no requirement for cleaning weld bead
performance. The ultimate qualification test surfaces prior to depositing subsequent weld
is the explosion bulge test. This test is very passes.
expensive to conduct, however it provides the vi) decreased surface preparation.
most useful indicator of material performance. In addition a much wider variety of

At present, HSLA-80 (A710) type steels are product forms can be economically produced with
not permitted in critical submarine HSLA-80, and flame forming and straightening is
applications. However, they are extensively permissible with 'iSLA-80 but not with HY-80.
used in the construction of naval surface Finally, high productivity welding processes
combatants in the USA. such as high frequency welding can be used to

The mechanical test requirements for produce inexpensive product forms such as T
HSLA-80 (A710) including Charpy and dynamic stiffeners.

Table 1 - Minimum NAVSEA Impact Requirements for HY-80 and HY-100

Test Charpv Dynamic Tear
Temperature HY-80 HY-100 HY-80 HY-100

C F J (Ft-lb) J (Ft-lb) J (Ft-lb) J (Ft-lb)

-18 0 81 (60) 81 (60)
-84 -120 47 (35) 60 (45)
-40 - 40 610 (450) 680 (500)
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STEEL ALLOY DESIGN significant advances in steelmaking technology

that has occurred internationally during this
In satisfying the abovementioned property time especially with respect to the achievement

requirements, steel chemical composition should of much lower P and S contents.
be optimally selected with due recognition of MIL-S-16216 allows slightly different
processing capabilities. For instance, there ranges for C, Ni, Cr and Mo contents to

may be scope for reducing the hardenability and accommodate increasing plate thickness and to

therefore alloy content of conventional Q&T assist in obtaining the higher strength values
grades when more efficient quenching devices of HY-100 relative to HY-80. On the other
are used. Alternatively, utilisation of hand, there are attractions in terms of the
suitable TMCP techniques may permit the ability to supply small item lots with maximum
achievement of required properties so as to flexibility, if both HY-80 and HY-100 grades
obviate the need for those alloy additions can be sourced from the one heat in as large a
which promote quench hardenability such as Cr range of plate thicknesses as possible. Our
and Mo. Some principles of alloy design for experience has been that due to the close and
HY-80/HY-10O and BSLA-80 as produced in consistent control of all elements as a result
Australia are discussed below: of efficient tonnage vacuum degassing, it has

HY-80/HY-100 - The chemical composition of been possible to develop an internal
HY-80/HY-100 is comparatively tightly specified specification with a single, more restrictive

by the relevant military specification, set of alloy ranges than is allowed in
MIL-S-16216(3), and is based on a low MIL-S-16216, such that both HY-80 and HY-100
Mn-Ni-Cr-Mo steel type; Ni primarily being grades can be sourced in plate thicknesses from
added for low temperature toughness, with Cr 6 to 50mm (1/4 to 2") from a single heat. A
and Mo conferring a high level of quench typical chemical composition is shown in
hardenability. No microalloying additions of Table 3.
Nb, V, Ti or B are allowed. As will be described subsequently, micro

While the fundamental approach to alloy Ti treatment of the traditional HY-80/100 grade
design with the HY-80/HY-100 steels has not has recently been investigated to explore the
changed, some major developments have occurred potential for reduced weld preheat which has
over the last 25 years with regard to specific been achieved in C Mn and HSLA steels by virtue

composition limits. As shown in Table 2, these of the reduced HAZ haidenability and peak
have been largely confined to tightening the hardness levels derived from a fine dispersion
allowable concentrations of: of stable TiN precipitates(4).

i) trace elements such as Sn, Sb and As, HSLA-80 - The alloy design of conventional
ii) tramp elements such as P and S, and ASTM A710 type steels is based on the z-Cu age
iii) controlling the range of C content, hardening "Nicuage" steels of the late 60's and

These changes themselves reflect the a typical composition is shown in Table 4. The

Table 2 - Chemical Composition Refinements of HY-80 Specification(3)
Ladle Analysis - Mass Percent

MIL-S-16216 Revision: G H J K
Dated: 27 February 1963 15 'iMach 1972 16 August 1982 19 June 1987

Carbon 0.18 max 0.12/0.18 0.12/0.18 0.12/0.18

Phosphorus 0.025 max 0.025 max 0.0-0 max 0.015 max
Sulphur 0.0:5 mdx 0.025 max 0.002/0.020 0.008 max
Phosphorus + Svinh,,r 0.045 max 0.040 max 0.035 max (3)

Arsenic NS (2) NS 0.025 max 0.025 max
Tin NS NS 0.030 max 0.030 max
Antimony NS NS 0.035 max 0.025 max

(1) The chemical limits are for 25mm (1") thick HY-80 plate.
(2) NS - Not Specified

(3) No limit specified, although plates with S contents less than or equal to 0.002

should be specially identified.

Table 3 - Typical Chemical Composition of HY-80/HY-100 (mass %)

C P Mn Si S Ni Cr O Cl AI CEO(IIW)

.15 .014 .26 .23 .003 2.65 1.55 .38 .010 .050 .756
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Table 4 - Chemical Composition (mass %)

Steel C Mn Si S Ni Cu Cr Mo Al Ti Nb CEQ(IIW)

ASTM A710
Class 3 (Q&T) .05 .50 .25 .005 .90 1.15 .70 .25 .02 - .040 .46

BHP HSLA-80
(TMCP) .05 1.40 .25 .003 .85 1.0 - - .02 .015 .020 .41

Table 5 - Typical Chemical Composition of High Hardness Armour Plate (mass %)

C P Mn Si S Cr Mo Al Ti B CEQ(IIW)

.28 .015 .54 .28 .003 .94 .16 .036 .036 .0015 .592

steel exhibits good quench hardenability, temperature bend tests.
largely due to Ni, Cr, Mo additions, so that it Alloy design for high hardness armour
has been well suited to production via the plate manufactured by BIS involves a
quench and ageing process route especially for consideration of:
rather heavy plates. However, a more i) C contents which are sufficiently high
appropriate low alloy modified alternative has to achieve the desired hardness level, but not
been developed by BHP for plates of up to about so high as to seriously effect ductility,
28mm (1-1/8"). This steel can be produced in formability and weldability. Optimum levels
the TMCP + aged condition with the following are .27/.30 C.
main compositional/processing differences: ii) Controlled Cr, Mo and B additions to

i) Cr and Mo additions have been achieve through hardening. Actual
eliminated since high hardenability is not concentrations depend on the severity of quench
needed in these thin plates when TMCP is employed.
applied. The elimination of these elements iii) Steelmaking practices aimed at
provides for further weldability improvements producing low sulphur contents, with or without
over HY-80 (reduction in Pcm carbon equivalent non-metallic inclusion shape control.
from .29 to .20) and other measured benefits to A typical chemical composition is shown in
steelmaking such as improved hot ductility Table 5.
during continuous casting and lower production
costs. STEEL MANUFACTURING ASPECTS

ii) A higher Mn addition partly to
compensate the strength reduction arising from The advances made in several s*eelmaking

elimination of Cr and Mo and also to improve technology areas over the last decade have not
"control rollability" and promote ferrite grain only provided the stimulus for new grade
refinement due to reduced y-a transformation development but have also made possible
temperatures. significant improvements in the characteristics

iii) The application of TMCP involving of older steels such as HY-80/HY-100. Capital
controlled rolling to finish temperatures just investment in the Australian steel industry
above the Ar and subsequent accelerated over this period has ensured that such property
cooling to agout 550 0C to suppress Cu "auto" enhancements are available by utilisation of
ageing in the as rolled condition. the following steel production facilities:

iv) Micro Ti treatment and reduced Nb HOT METAL & STEEL LADLE DESULPHURISATION -
content for enhanced HAZ toughness(4). Low sulphur levels (ie. < 0.005% S) with or

ARMOUR PLATE - The important material without inclusion shape controlling additions

characteristics for homogeneous quenched and of Ca are an important pre-requisite for high
tempered steel armour plate include a high Charpy energy values, especially in the
hardness level of 500 HB nominal; good low transverse to rolling direction, and also for
temperature toughness and through-thickness good through thickness ductility. Such sulphur
ductility to prevent shattering, spalling or levels are assured at BHP by the employment of
plug formation on impact of the projectile; and hot metal desulphurisation and steel ladle
fabrication performance in terms of weldability injection of calcium compounds which also
and formability compatible with the other guarantees conversion of Al 20 clusters to
requirements. globular parLicles(6). In adlition to these

MIL-A-46100C(5) specifies basic chemical property improvements, the ballistic properties
composition limits for steel armour plate with and performance of plates in special tests such
a hardness of 477-534 HB, and supports these as the explosion bulge test (EBT) are enhanced
with longitudinal and transverse Charpy V-notch by clean steelmaking practice.
impact tests at -400 C (-400 F) and room
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TONNAGE VACUUM DEGASSING TREATMENT - RH rolled condition. Such low transition
vacuum degassing at low vacuums such as temperatures must be achieved to compensate for
0.5 torr is applied at BHP in the production of the embrittling effect of the subsequent Cu age
high strength defence steels to achieve hardening treatment.
reductions in gas contents such as H., N2$ Controlled Cooling - Maximum Cu age
02$ some removal of non metallic inctu sions hardening capability requires that the extent
and close control needed over alloy additions, of auto-ageing after finish rolling be
especially microalloys such as B and Ti. restricted. To prevent wasteful premature

CONTINUOUS CASTING OF SLABS - The recently precipitation of t-Cu, an accelerated plate
commissioned No.2 Caster at BHP provides for cooling practice after finish rolling has been
the production of improved steel cleanness, employed in which the plate is passed through a
excellent surface quality and internal water spray bank until the mean temperature is
homogeneity by virtue of the following about 5500 C. Modest cooling rates of only
attributes: -2-3 C/sc have been achieved in 25mm thick

i) large capacity (48 tonne) tundish and plates with this practice and have proved
automatic mould level control, sufficient to ensure comfortable achievement of

ii) air tight ladle to tundish shrouding strength properties.
system and fully sealed tundish with inert gas
flushing capability,

iii) improved centreline segregation control of 6 grain size
control with closely spaced split rolls, 201 at slan reteat Py T1 N C)
internally water cooled rolls and bearings for 0-
reduced roll bending, SPecIae

iv) air mist cooling for uniform cooling
control across the strand width,

v) variable machine taper and in-roll : -.......--s---hs-t---te--
variable cycle electromagnetic stirring (EMS).

THERMOMECHANICALLY CONTROLLED PROCESSING 7 i_
(TMCP) - Strict TMCP rolling schedules are .....
necessary to achieve the low temperature co to"tel 7c1:2

toughness levels needed for HSLA-80 type steel
to obviate the need for reaustenitising heat
treatments. At BHP, optimum toughness is
achieved by ensuring that austenite is
recrystallised to a suitable fine grain size
during high temperature roughing and an TIME

appropriate level of non recrystallising
austenite deformation is completed just above
the Ar temperature(4). In the case of Fig.l - Schematic outline of TMCP process for
HSLA-88, key aspects of the TMCP practice are HSLA-80 plates
highlighted schematically in Figure 1 and
briefly described below: EFFICIENT QUENCHING & TEMPERING (Q&T)

Disciplined Rough Rolling Practice - The FACILITIES - The #2 plate heat treatment plant
main objective in the rough rolling stage is to operated by BIS was commissioned in 1984, and
ensure a fine recrystallised grain size prior represents the latest technology in independent
to the commencement of finish rolling in the quenching and tempering capability. This plant
non recrystallising region. The high Cu is capable of heat treating plate in the
addition is thought to contribute to more thickness range 5-100mm (3/16-4"), to a maximum
sluggish recrystallisation behaviour than for plate width of 3200mm (126"), and a maximum
plain Nb steels(7) and the strategy adopted at plate length of 15 metres (590"). This size
BHP has been to perform the roughing reduction range embraces all current local defence
at rather high temperatures in conjunction with requirements for high strength steel plate, and
sufficiently heavy individual pass reductions in particular satisfies all needs for Q&T plate
to limit the possible formation of mixed for the New Construction Submarine (NCSM)
austenite grain size. The micro Ti treatment Project.
is effective in achieving this goal and in A special feature of the continuous roller
restricting the subsequent growth of quench unit in this plant is the high intensity
recrystallised grains, curtain water header which enables the

Non-Recrystallisinz Austenite Deformation production of high strength grades from
- Rather heavy total reduction levels in the comparatively lean (ie. low alloy) steel
austenite non-recrystallising temperature compositions, thereby lowering carbon
regime have been found to be beneficial for the equivalent values and improving weldability.
enhanced low temperature toughness of HSLA-80. Total water flow rates of up to 30,000 litres/
The objective is to multiply ferrite nucleation minute (6,600 gallons/minute) during quenching
sites in order to secure Chargy transition together with the design of the quench rollers,
terperstures below about -120 C in the as ensure a metallurgically efficient quenching
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(

operation. For example, the cooling rate over other aspects of fabrication and bervice of
the temperature range 800-300

0
C at the quenched and tempered HY-80/HY-100, TMCP + aged

mid-thickness position of a 25m= (") thick HSLA-80 and armour plate are discussed below:
plate has been determined to be approximately RY-80/HY-100 - The mechanical properties
40

0
C/second (70°F/second)(8). of normally produced HY-80 and HY-1O0 plates as

well as the test results obtained on the
STEEL PROPERTIES special Ti treated material are described in

the following sections.

Mechanical propeities, weldability and Strength and Charpy Impact Tests - Typical

tensile and Charpy V-notch impact test data for

HY-80/HY-100 plates are shown in Table 6. Note
30 the very low longitudinal to transverse Charpy

a) HY80 (n = 126) upper shelf energy ratios of about 1.1.
25 Test temperature : -B4*C (-120'F) The distributions of Charpy impact energy

Test direction Transverse values for both HY-80 and HY-100 plates, shown
20 Plate thickness 19 - 51mm (3/4- 2") in Figure 2, again highlight the exceptionally

good low temperature toughness of this material

C 15 due to the combined effects of clean steel and

0 H efficient quenching facilities.
a to Dynamic Tear Tests - Similarly the results
LH of dynamic tear tests carried out on HY-80 and

5-H HY-100 plates (refer Figure 3) are extremely

W good, and provide a good guide to the ultimate
(n I r-i rperformance in the explosion bulge test.

b) HYIO0 (n = 121) 2000

25 AHYIO0 : 50mm PLATE

Test Direction

20 Transverse A

1500

c 15 C

0 .

0 = T R I' ifi Spec. Min. Req.
(112: 100

Absorbed Energy (ft.lb.f)

30 70 1t0 150 190 230 270

Absorbed Energy () 0

-15o -1oo -50 0 50

Temperature (C)

Fig.2 - Charpy V-notch impact energy of HY-80
and HY-100 plates Fig.3 - Dynamic tear test transition for IHY-l00

Table 6 - Typical Tensile & Charpy V-notch Impact Test Data for HY-80/HY-100 Plates

Plate Tensile Properties Charpy Impact Energy
Thickness 0.2%PS TS El Temp Long Trans

Grade (Mm) (MPa) (MPa) W% (C) W) (I)

HY-80 9.5 644 762 32 - - -

HY-80 50 616 731 25 +20 216 207

-18 214 203
-40 209 193

-84 184 164

HY-100 25 745 828 24 +20 203 168
-18 1Q9 168

-40 198 163

-84 187 138
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Explosion Bulge Tests - Explosion bulge results are summarised in Figure 7 and indicate
tests (EBTs) have been performed in accordance that no advantage of Ti with respect to
with the provisions of NAVSHIPS 0900-005-5000 hardenability in the grain coarsened region was
and NAVSEA 0900-LP-005-5000. Parent plate apparent. In fact somewhat higher hardnesses
samples and welded assemblies, with and without were observed i, the grain coarsened HAZ
crack starter weld beads, have been tested at microstructure for the Ti treated steel,
-180 C (0°F) with excellent results, probably due to the slightly higher carbon

The manual metal arc welded samples of equivalent. Since the grain coarsenod HAZ
50mm (2") thick HY-80 plates shown in Figure 4 microstructure for this steel type was
have thinned 2q.9 and 25.7% respectively after completely martensitic over the range of heat
five blasts, easily satisfying the inputs examined, the commonly exploited
specification requirement of 16% thiihning. benefits of TiN precipitates on reduced HAZ
This demonstrates the very good crack arrest hardenab*lity (and hence hardness) in low CEQ
ability of this material under explosive steels do not appear to be achievable.
loading conditions. Consequently, reduced susceptibility to cold

crackii6 and relaxation of preheat requirements
which has been reported ehewhere for Ti
treated HSLA steels(4) is unlikely to apply to
highly hardenable steels such as conventional
HY-80/HY-100. This was also evidenced in the
results of controlled therual severity (CTS)
tests performed on Ti treated and non Ti
treated HY-80 as indicated in Table 7 where
both steels reported similar cracking
resistance at preheat temperatures over the
range of 200 C to 1000 C.

A HY80 o HY8O+Ti

.E 5030m

UL S2.5

2.0 ' "

Fig.4 - Profiles of two explosion bulge tests L -
of rully MMA welded HY-80 plates after 5 blasts 1.5 /

Weldability - Special investigations were
carried out to assess the potential /
improvements to HAZ microstructure and -
properties which might result from a micro Ti 0.5

addition to continuously cast HY-80/HY-100
steel. Such improvements have been widely
exploited in recent years in HSLA steel plates E GMAW 1.6MM e L HYBO 0 HY80+Ti
by virtue of the controlling influence of fine 600
TiN precipitates on the extent of austenite
grain growth adjacent to the fusion line(4). 0 L -
The results of this work are summarised briefly -0
below:

i) Microstructure - The effects of Ti - 400/

treatment on HAZ microstructure was /
demonstrated in a series of bead-on-plate welds 300
using a GMA welding process on 50mm thick plrte
at various heat inputs in the range of 4 /
1.0-6.OkJ/mm. The HAZ microstructures for both 200 .

Ti and non Ti bearing steels consisted of
untempered martensite despite ,.ajor differences 100
in the austenite grain size and the width of
the grain coarsened regions (Figure 5). L _. . . .
Typical photomicrographs at the higher heat 1 - 2 3 4 5 6
input level of 4kJ/mm are shown in Figure 6. Heat Irput (kJ/mm)

ii) Hardness - HAZ peak hardness
measurements and hardness traverses across the Fig.5 - Effect of Ti on the austenite grain
HAZ were also performed on the bead on plate size at the fusion line and the width of the
welds over the range of heat input. The coarse grain region (HY-80 plate)
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200P

HY-80 HY-80 + Ti

Fig.6 - Effect of Ti on the HAZ microstructure of HY-80 plate (4kJ/mm bead on plate weld)

Table 7 - Controlled Thermal Severity (CTS)
Test Results (50mm Plate Thickness)

Test CTS (% Leg Length Cracked)
A -AZ H~Y80

-_- -I 0 HAZ H O * TSteel Type HY-80 HY-80 + Ti

45- Heat Input

(kJ/mm) 1.6 2.2 1.6 2.2

Preheat 200C 19 18 18 18
- Temp 60°C 11 15 7 10

4.".. 100°C 6 7 4 8

iii) Toughness - The strong grain refining
influence of TiN precipitates on the austenite
grain size in the HAZ would be anticipated to

35C have some beneficial effect on toughness as
measured by Charpy V specimens. However, this
was not apparent in tests performed on the HAZ

* 2 3 4 5 6 of multipass submerged arc welds (heat input
Wela Heat Input KJ/rm 4kJ/mm) described in Table 8.

HSLA-80 - The mechanical properties of the

newly developed TMCP + aged HSLA-80 grade are
Fig.7 - Maximum HAZ hardness in GMAW bead on described below for plate thicknesses in the
plate welds for HY-80 plate range of 12-25mm.

Table 8 - HAZ Charpy V-Notch Impact Properties (50mm Plate, K-weld Prep, 4 kJ/mm Heat Input)

Test Temperature
Steel Specimen OOC -84C
Type Location Cv En (J) % Fib Cv En (J) % Fib

HY-80 Top Surface 165 200 264 100 100 100 197 204 272 100 100 100
Bottom Surface 110 168 264 100 100 100 54* 109 217 15 100 100

HY-80 Top Surface 166 186 298 100 100 100 246 261 261 100 100 100

(+ Ti) Bottom Surface 116 148 247 100 100 100 46* 54* 207 20 20 65

* Weld metal notch location
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Strength - Typical tensile properties V-notch test are summarised in Figures 9 & 10
established in production trial plates are for plates in both the as TMCP and TMCP + aged
summarised in Figure 8 for both the as rolled 550 C condition. The ageing treatment of
(TMCP) condition and TMCP + aged 5500 C 1/2 hr at 5500C was chosen to achieve the
condition for various plate thicknesses. For peak strengthening increment frome-Cu
normal air cooling of plates after TMCP, the precipitation and, by inference, the maximum
yield strength after ageing was marginal at the likely upward shift in Charpy transition
heavier plate thicknesses ie. -25mm. The temperature. From Figure 9 it is evident that
application of a modified TMCP schedule and "peak ageing" can deteriorate the Charpy 50%
controlled cooling after TMCP produced a FATT by up to about 300 C. This is of
significant improvement in yield strength of significance especially in the case of thicker
20-25mm thick plates by virtue of a plates eg. 25mm where the 50% FATT in the peak
microstructural refinement and reduced "auto" aged condition has in fact been raised to the
ageing. The yield strength increment derived vicinity of the specified test temperature for
from the ageing treatment, was typically in the HY-80 ie. -850 C. In order to increase the
order of 100 MPa for the range of thicknesses safety margin for satisfying this specification
investigated such that the HY-80 yield strength requirement, "overageing" of the E-Cu
requirement of 550 MPa minimum was comfortably precipitates has been found to be useful for
achieved. These results suggest some scope for reducing the upward shift in Charpy transition
further reductions in steel alloy levels so as temperature whilst still comfortably achieving
to further enhance weldability. Alternatively the strength requirements. The influence of
"overageing" might be considered as a means for ageing treatments on strength and toughness is
reducing the deterioration of toughness highlighted in Figure 10 for a 25mm thick
properties associated with the age hardening plate. For instance, an "overageing" treatment
process, particularly in the thicker plates, as such as 1/2 hr at 610°C can reduce the upward
discussed below. shift in Cv transition temperature to only

150C and simultaneously satisfy the yield
strength requirement of 550 MPa although by a
reduced margin.

0

S650 _CP/AC __A 200

A.-AA- -

600 U--- S. -----
Q. "o-STCPIDtCOOL iCO 00

C 10
cu 550 - e

46J Min.

ro

600 "'"""e * -TMCP/cC + AGED 0

- /C AGED L T

e nCR A A

c- 550 ----------------------------.------------------ - --80
o 0 CA & aged 0 a -

M 550*C

So 0- -- N4 I cL -o °

;L500 ~--'- -10

0-120
3C 'b!450o

12 14 16 1o 20 22 24 -140

Plate Thickness (mm)

Fig.8 - Influence of plate thickness and TMCP 12 14 t16 1 20 22 24
on tensile properties of HSLA 80 (Ageing Temp:

5500C) Plate Thickness

Fig.9 - Effect of Ageing on Charpy V-notch
Toughness - The toughness properties of energy at -85 0c and 50% FATT for various

production trial plates as measured in Charpy plate thicknesses of HSLA-80
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both as welded condition and also after a
subsequent ageing treatment of 30 mins at
500 0 C to investigate possible age hardening
effects. The results are presented in Figures

2s0 12-14 and briefly summarised below:
25mm Plate .

TMCP/CONTROL COOL

0 200

2000
0 -.. A2Omm (aged 5500C)

C-
_Io 25mm (aged 6100C)
Ui 0 25mm (aged 5500C)>too
U50oo Test Direction

Transverse
0

t- -so -C-
'In 1000LL ,

too_ __ __-- - _._ .. Cn oo

5C-
... .. - :' Spec Min.. Req..

> uj~" 500 C 1"

o- o -oo -50 o 50

Temperature (°C)
sa Min.

Fig.ll - Dynamic Tear Test Transitions for
S " HSLA-80 plates

- ,

500 a

32

AR 500 550 600 650 Gas Metal ASc Weld

Ageing Temp. (°C) (1/2 hr @ temp.)
300 Submerged Arc eldo

> o
Fig.10 - Effect of Ageing Treatment on Charpy I
V-notch and tensile properties of 25mm HSLA-80
plate

02
c

Dynamic tear test transition curves were r ?F, A -% A
L

also performed on 20 and 25mm plates and
results are presented in Figure 11. Both
plates met the specification requirement of -Z 40

610 J at -40°C with the "overageing" C-:
treatment (610°C) again proving beneficial 

in

improving the performance of the 25mm plate.
Weldability - The following weldability

investigations have confirmed the excellent 200
potential of HSLA-80 for fabrication economy 1 2 3 4 5 6
due mainly to the low carbon equivalent (CEQ Heat Input (kJ/mm)
(1W) = 0.40, Pcm = 0.20), low carbon content
and micro Ti treatment. Fig.12 - Peak Hardness for varying heat inputs

i) Bead on Plate Tests - Bead on plate for GMAW/SAW bead on plate welds of HSLA-80
tests were performed on 36mm thick HSLA-80
plate utilising the gas metal arc GMA welding a) The peak hardness in the as welded
process for 1.0, 1.5 and 2.5kJ/mm heat inputs condition was below 300 Hv for the lowest heat
and submerged arc (SAW) welding process for input weld of IkJ/mm (see Figure 12). These
2.5, 4.0 and 6.OkJ/mm heat inputs. All tests values may be compared with the results of
were performed without preheat. Peak HY-80 in Figure 7 where the peak hardness under
hardnesses and hardness traverses from the similar conditions was in the vicinity of
fusion line across the RAZ were determined in 420-450 v.
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increase was dependent on the heat input level
and ranged from about zero for likJ/mm up to
about 40 Hv for the 6kJ/mm weld. This

280 I.OkJ/mm secondary hardening effect was attributable to

Ac3 AcI GMAW reprecipitation of s-Cu which had been taken

3 260 - * into solution in the weld thermal cycle. Such
I hardening should advantageously offset the

240 . extent of "softening" in multipass welding.
Ic) As mentioned earlier micro Ti treatment

220 in steels of relatively low hardenability

0 0 As welded contributes to reduced HAZ hardenability and
200 a AHv 0 hence hardness by virtue of austenite grain

smt o size control in the weld thermal cycle.
180 "Softened" region Measurements of the austenite grain size at the

fusion line and the width of the coarse grain
260 Ac3 Ac4kJ/mm region for the various heat input levels are

2 SAW presented in Figure 15 and clearly demonstrate
20 the efficacy of the micro Ti treatment in this

I rsteel.

220 aI
C

20 0 - 6

180 2 5m In5M = 1 50urn A, SAW
1 2 3 4 5 6 7 FL 0 .H
Oostance From Fusion Boundary (mm/ 0 0 ONA0too WM 1000oo

Fig.13 - Hardness traverse across HAZ of bead In

on plate welds of 36mm HSLA-80 plate n0

0 I00

-~ 7' 600 I

Open symbOlS : HAZ width ' A>"

Closed symbols ~Hv 50 In50

cn A 400

NiI 2

0 2D

FiE1 - 200nt ransz t uinln

a- 136mmn
0) 3 30~

Ln and width of coarse grain region in bead on
C3 E0 GM o> plate welds on HSlak-80 plate

ii) Weld Zone Toughness - The weld zone

0 0 toughness of HSIA-80 was tested in a weld
2 3 4 5 6 procedure shown in Figure 16. The planar HAZ

Heat Input (kJimm) hereby produced allows the sampling by a CTOD

specimen of a iarge intersection of coarse
Fig.14 Influence of Heat input on width of grain HAZ/fusion line which should represent

softened zone and amount of softening (A W) the most brittle zone. The good low

for 36 m HSLA-80 plate temperature toughness was demonstrated by the

0.2mm CTOD transition temperature of aboutb) A "softened" region occurred in the -50 C for the coarse grain/fusion line AZ

intercritical and subcritical HAZ, the width of region.
which was dependent on the welding process and iii) Delayed Cracking Test - Controlled

heat input level (Figures 13 & 14). The degree thermal severity (CTS) tests (Table 9) were

of softening was up to 30 Hv The effect of carried out on 36mm thick plate with hydrogen
the 550 C ageing treatment was to produce an controlled electrodes in conjunction with no

increase in hardness in the supercritical and preheat. The steel exhibited excellent

intercritical AZ. The extent of this hardness resistance to delayed cold cracking (0%
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cracking) presumably reflecting the low maximum 495-515 HB, the toughness as measured in the
hardnesses achieved in the HAZ by virtue of the Charpy impact test is quite good and
low CEQ and micro Ti treatment as well as the comfortably meets the MIL specification
restricted width of the coarse grain region requirement. This is further evidence of the
(hardened zone). beneficial effects of the clean steelmaking

practices employed and the high quench rates
achieved in the continuous roller quench unit.

10 CTOD specimen Table 10 - Average Charpy V-notch Impact Test
L SA~Data - High Hardness Armour Plate5 SAW

12mm 3.2 kJ/mm Charpy Energy 50% Fibrous

2.mm 0 Plate Specimen at -40°C Transition

Thick Size Long Trans TemperatureI (mm (mm) (J (J) __ C C

0 0
S0.5 6 10 x 5 19 12 -40

10 10 x 7.5 24 16 -32
12 10 x 10 29 24 -28

0.2 25 10 x 10 27 26 -28
35 10 x 10 26 24 -30

0.1

0.05 Through-thickness reduction f area values
of 28.8 and 30.5% RAz have been obtained on a

0.02 35mm (1.375") thick plate, also indicating the
inherently good through-thickness ductility

aOl - -, , resulting from the particular combination of
-80 -70 -60 -50 -40 -30 steel composition and processing route.

Ternerature C] Bend Test - The bend test requirement in
MIL-A-46100C is for 90 included angle bends to

Fig.16 - CTOD transition in Fusion line/Coarse be conducted in accordance with ASTM E290, with
grain HAZ of HSLA-80 plate the axis of the bend perpendicular to the plate

rolling direction (ie. transverse bends).
Table 9 - Controlled Thermal Severity (CTS) Transverse bends are less severe than those for

Tests for HSLA-80 (36mm Plate) which the bend axis is parallel to the rolling
Ambient Preheat (200), E10018M - direction. Minimum inside bend radius is 4 x
40mm electrodes - 4ml/lOOgm av H2  plate thickness for plates up to and including

5/16" (8mm) thick, and 6 x plate thickness for
Arc Energy (kJ/mm) 1.0 1.6 2.2 thicker plates to 1/2" (12mm). Tests are not

required on thicker plates.
% Cracking 0 0 0 Test results on this material are
Peak Hardness liv 299 283 283 summarised in Table 11, and reflect both good
Ave Peak Hardness 291 280 272 ductility and a fabrication potential which

belies the high hardnesses involved.
Ballistic Tests - To date the high

ARMOUR PLATE - Australian-produced Q&T hardness armour plate has been tested
armour plate in the thickness range 6-38mm exclusively against the requirements of an
(1/4-1.5") has been subjected to laboratory Australian Standard for bullet resistant
tests to assess mechanical properties, material, AS2343(9). The highest severity
including through-thickness ductility, bend requirements of this standard call for the test
test performance and ballistic properties. panel to withstand three impacts from
Results of these tests are summarised in the ammunition fired at 900 obliquity from one of
following sections. two rifles, designated RI and R2:

Touphness - The Charpy impact test i) RI category is M193 5.56mm (.219
requirement for armour plate complying with calibre) ammunition fired at a velocity of
MIL-A-46100C is for the absorbed energy to be 980 m/sec (3215 ft/sec).
not less than 10 ft.lb.f (13.5 J) for the ii) R2 category is NATO 7.62mm (.300
transverse orientation, and 12 ft.lb.f (16.3 J) calibre) ammunition fired at a velocity of
for the longitudinal orientation, when full 853 m/sec (2800 ft/sec).
size (10 x 10mn) specimens are tested at It has been shown that 8mm thick 500 HB
-400 F (-40°C). The results shown in Table Q&T plate will easily meet the requirements of
10 clearly demonstrate that despite the high the R2 category, while 10mm thick plate will
hardness of this material, typically consistently pass the RI and R2 categories.
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Table 11 - Bend Test Performance - High Hardness Armour Plate

Plate Spec Requirement Bend Test Results - Pass
Thickness Transverse Bends Longitudinal Transverse
(mm) (Anyle @ Radius) Bends Bends

6 90 @ 4.Ot rad (1) 180 @ 4.0t rad 180 @ 4.0t tad
8 90 @ 4.Ot rad 180 @ 2.Ot rad
10 90 @ 6.Ot rad 180 @ 3.Ot rad
12 90 @ 6.Ot rad 180 @ 2.Ot rad 180 @ 2.Ot rad
16 NR (2) 180 @ 1.6t rad 180 @ 1.6t rad
19 NR 180 @ 1.4t rad 180 @ 1.4t rad
38 NR 180 @ 2.Ot tad 180 @ 2.Ot rad

(1) 90 bend, with minimum inside radius equal to 4.0 times the plate thickness (t)
(2) NR = No Requirement in 14IL-A-46100C

CONCLUDING REMARKS (3) MIL-S-16216 "Steel Plate, Alloy,
Structural High Yield Strength (HY-80 and

In addition to focussing on production HY-100)".
experience and properties of conventionally (4) J G Williams, C R Killmore, J F Barrett
produced Q&T HY-80/HY-100 steels and armour and A K Church, Int. Symposium on
plate, this paper has presented an overview of Processing, Microstructure and Properties
recent developments directed towards defence of HSLA Steels, Pittsburgh, USA. Nov 1987.
requirements for special plate grades, which (5) MIL-A-46100C "Armour Plate, Steel,
are on-going within the Australian steel Wrought, High Hardness", 13 June 1983.
industry. These include the development of (6) I D Simpson and R Serge, Proc. Clean Steel
a micro-titanium treated HY-80/HY-100 3 Conference, Institute of Metals, 1987,
modification, and a new HSLA-80 grade. Both 85.
developments rely heavily on the use and (7) T Abe, M Kurihara, H Tagawa and K Tsukada,
availability of modern steelmaking, plate Trans ISIJ, Vol 27, 1987, 478.
processing and heat treatment facilities. (8) J E Croll, "Production & Usage of QT Steel

Plate in Australia", Proc. of HSLA Steels
REFERENCES Conf., Wollongong, August 1984.

(9) AS2343, Part 2 "Bullet-Resistant Panels
(1) C E Hartbower and W S Pellini, Weld J., for Interior Use Part 2 - Opaque Panels",

Res. Sup. 1951, 30, 307-318. 1984.
(2) C E Hartbower and W S Pellini, Weld J.,

Reb. Sup. 1951, 30, 499-511.
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PROPERTIES AND PROSPECTS OF APPLICATION
OF A HSLA STEEL (WDL-60) WITH LOW

SUSCEPTIBILITY TO WELD CRACK

Chen Xiao
Iron & Steel Research Institute
Wuhan Iron & Steel Company

Wuhan, P R.China

Abstract
This paper introduces the properties and At the same time,new--type welding
applications of a HSIA steel with low materials matched to WDi,-60 steel and

susceptibility to weld crack researched forging pieces were developed.The large

and developed by the Wuhan Iron and Steel amount of experiments and the results

Company in recent years. This steel was of manufacture and applications show

verified as being excellent in weldabi- that WDL-60 steul is an ideal material

lity and low- temperature toughness,and for large pressure messels, hydraulic

producing no cracks in t450mm plates power station pressure pipes,off shore

without preheting or with slightly pre- strcturesgreat span bridges and heavy

heating (-'75'C) before welding. The engineering machinery used under severe

plates have been applied to the manufac- conditions,and so,has broad application

ture of spherical tanks with 2.94MPa prospect.

pressure,separated oil vessels under
7.84MPa pulsative high pressure,and low- INDUS'iaAL TnlAL
temperature spherical vessels with 1000DI To determine the chemical composi-
volume and 2.1UI4Pa pressure, showing tion of WDL-60 steel,the laboratary
good properties and gaining obvious eco- work on 50iw vacuum induction furnacenomic benefit. oko 0wvcu nuto unc

and 500kg electric arc furnace was com-
pleted first to investigate the effects

IN VIEW OF THE FACT that many malignant of alloying and microalloying elements

accidents happened at large welded steel ici, r, N, V, i,, N, Al on the me-

structuresespecially high pressure ves- chanical properties and weld simulated

sels in recent ten years,WISCO has de- heat circulation through orthogonal de-

veloped a new-type HSLA steel (WDL-60) sign and regressive analysis.The optimum

with low susceptibility to weld cracd in heat-tueatment process was determine,

order to simplify welding proces3, save by property testing and mean square re-

material, working - hour and energy and gression.

enhance the reliability of the steel The industrial trial was carried
structures l out on 50 toi converter--continuous

T)#is newly developed steel was de- casting--200 plate rolling mill--heatsigedwth new devlope cteew e- , treatment oven production line in wl;uu.signed with low carbon content ( O.O9%/), The physical~nd mechanical'esting, 5

reasonaboe utilization of Ni, Cr, V, Mo, 43

B alloying and micro-alloying elements4
9  stress-corrosiot land welding experiment

2

as well as microstructure and mecbanismstrict control of carbon equivalent analysi4M ere accomplished by WiJCU.and

value(Ceq-<0.42) as well as weld crack
susceptibility composition (Pcm&0.20), co-operative universities, research in-
andwas processed with quench and high- stitutes and manufacture plants.

temperature heat treatment, so that the
optimum microstructure, hence, the excel-
lent weldability and low temperature
toughness could be obtained. The main
technical standards are as follcws: -

490MPa, TS=600-'140NPa,X1'6%, vI&(-40 0 )-
47J,bend test, d=3t, 1800, good.
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1. Chemical Composition

Table i-Chemical Composition

C Si Mn P S Ni Cr Mo V B Pcm Ceq

0.068 0.22 1.11 0.017 0.006 / 0.25 0.17 0.036 0.0025 0.17 0.36

0.08 0.22 1.36 0.024 0.004 / 0.21 0.21 0.040 0.003 0.20 0.41

0.064 0.24 1.31 0.022 0.006 0.385 0.186 0.20 0.042 0.0011 0.18 0.39

0.059 0.27 1.45 0.022 0.008 0.436 0.198 0.19 0.045 0.0014 0.18 0.41

Ceq=C+Si/24+Mn/6+Ni/40+Cr/5 +Mo/4 +V/14

Pcm=C+Si/30+Mn/20+Cr/20+Ni/60+Mo/15+V/l0+5B

2. Mechanical Properties
Table 2-Mechanical Properties

Plate Sampling loca- Tensile test Impact test Bend test
thickness tion and di- YP(MPa) TS(MPa] ( 0°C VE (J) d=3t 180 °

rection a40

L 510 510 608 598 26 25 270 220 262 good
24 1/2t T 529 529 647 617 25 24 175 203 220

L 588 608 676 676 20 20 224 216 184

36 1/4t T 568 568 647 637 22 23 166 147 168 good

L 598 598 666 676 21 22 172 159 162
50 I/4t T 568 627 686 696 18 19 109 117 137 good

3. Toughness Testing

3.1 Impact Test with Instrument plate section. The testing results are

- All the specimens were taken shown in Fig.1
from the 1/4 thickness position in the

0 0 V 0 100

- o 0 c 60

t 20

20 20'

0 go .0

250 250 5

K 0

200 0 20 L .200 0

*~0

150 7 .5 - 150o

0i 0

o00 0
100 10100

50 50 50

A .4

-80 -6j -4o -2o 0 -00 -60 -40 -20 0 -00 -6C, -40 -20 0
Toot Tompornture, OC Toot Tompointure, °C Toot Tompninture, c

Fig.1 2mm V Notch Charpy Lmpact Test Results
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3.2 Ductility - Brittleness Transition
Temperature assessed by Various Methods
and Criteria.

Table 3 - Ductility - Brittleness Transition Temperature

Plate Specimen ITT (0C) FATT (0C) VT47J (°C) VTo.38 (°C) -400C VE (J)
thickness orientation .8(C aeae(average)

L -80 -80 -80 -80 251
24 T -72 -76 -80 -80 187

36 L -80 -80 -80 -80 208
T -64 -47 -80 -80 161

L -66 -64 -80 -80 165
T -46 -40 -60 -76 122

Note: ITT - Impact Transition Temperature by 50' Maximum shelf energy
FATT - Fracture Appearance Transition Temperature by 50% brittle grain fracture.

VT47 J - ITT by 47J impact energy.

VT .38- ITT by specimen bottom side-expansion value 0.38mm.

3.3 Drop Weight Test - According lity Transition (NDT) temperature. The
to ASTM-E208 standard, P2 type specimen results are shown in Table 4.
were adopted to determine the Nil-Ducti-

Table 4- Results of NRL Drop Weight Test

Plate Specimen Specimen Impact NDT temp. (0C)
thickness Orientation type energy (J)

(mm)
L P2 402 -55

24 T P2 402 -50

36 L P2  402 -55
T P2 402 -50
L P2  402 -50

50 T P2  402 -45

3.4 Crack Tip Opening Displacement Test
- The COD characteristic valuesdi and6.#5
are illustrated in Table 5.

Table 5 - COD Test Results

Plate Specimen Specimen size a/w Testing COD charact. value
thickness orientation BZWxL (mm) temgoeature

24 TL 20x24x116 0.45 room temp. 0.114 0.171

room temp. 0.152 0.186
36 TL 26x31.2x145 0.40 -40 0.146 0.181

1 -80 0.138 0.180

50 TL 26x31.2X145 0.40 room temp. 0.167 0.202

3.5 J Integral Test - The results of the
J Integral Test shown in Table 6.
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Table 6 - Results of J Integral Test Table 10 - Fatigue Test Results

Plate Specimen J Integral Plate Stress Smooth 45°x 2mm
thick- Position & Charact. thick- condi- specimen notched
ness(mm) orientatior Value (N/mm) ness tion without notch specimen

ji6 0.05 Jo.0 2  (mm) (MPa) Z.15 (MPa)

36 t36 tensile- No brittle 235

TL 113.8 150.7 261.6 50 tensile- No brittle 235
LT tensile fracture

50 t/4 122.9 177.5 341.2 Note: Frequency f=17OHz
I TL 112.0 143.7 238.8 Stresses Ratio=O.15

3.6 Fatigue Crack Propagation Rate da/dN by most of testing methods (Table 3) and
NDT temperature from -450C to -550 C by

Table 7 - Results of da/dN Tests Drop Weight Test (Table 4); at the same

Specimen size' Regressive Equation time, this steel has good fracture re-

sistance with COD characteristic value 6i
20X24X116 da/dN=3.7287x0-10(AK)

2 .79 8  from 0.114 to 0.167 mm, J-integral char-
acteristic value Ji from 112.0 to12 2 .9

Note: a - 0.25-0.60mm (Tables 5 and 6), and excellent fatigue
Ratio of stresses - 0.1 resistance, without any brittle fracture
Frequency - 5OHz for smooth specimen under high frequency

fatigue, even for 450x2mm notched speci-
4. Special Tests men, with a yield stress of 235MPa (Table

10). Furthermore, WDL-60 steel can satis-
4.1 Z-Direction Tensile Test fy large engineering steel structure's

Table 8 - Results of Z-Direction Tensile Z-direction requirements, namelyl$z!35%
Test during Z-direction tensile (Table 8) and

it also has low susceptibility index
Plate Specimen Z-directioniStandard (0.15-0.19) to strain aging (Table 9).
thickness size Tensile5
(mm) (mm) TS(14Pa) I" ? (%) 5. The Effect of Stress-Relief Heat

0 d=10 676 42 Treatment on Properties
50 -35 5.1 The Effect of SR Treatment onLo=1"5do696 -53 Mechanical Properties (Fig 2)

4.2 Strain Aging CherpYImpact Test - 250

At the strain rate of 5%, the aging . 200 VE+20
treatment (250°Cx1hr. - AC)was given and
the test pieces used for the impact test o
were taken. Then, the strain aging 00
Charpy impact test was conducted. 50 VE-4 0

Table 9 - Results of Strain Aging Charpy
Impact Test

700'
Plate Specimen Impact Test Suscepti- TS

o 6503thick- orienta- -40oCVEA(J) bility
ness(mm) tion index 0 600 Y P

matrix aged results 0

.. 550
148 132

36 T 109 89 0.15
119 97 . 25

9B 119
50 T 115 60 0.19 20

90 66
S15,

4.3 Fatigue Test - The test results
are shown in Table 10.

From the results of toughness tests 550 580 610 640
and some special tests described above, sli Conditions(OC lhr.and A.C.)
it can be seen that WDL-60 steel has ex-
cellent low temperature toughness, with Fig.2 Lffect of S i reatment on

high impact energy at -600C (Fig 1), Mechanical Properties

very low ductility-brittleness tran-
sition temperature from -600C to -80OC
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5.2 The Effect of SR Treatment on NDT

Temperature

Table 11 - Results of NRL Drop Weight Test

SR Process Without SR SR SR SR
QT state 550°Cx5hr 580 0Cx5hr 61 O0 CX5hr

NDT Temp. -500 C -350C -400 C -450 C

5.3 The Effect of SR Treatment on COD &

J-integral Characteristic Values

Table 12 - Results of COD & J-integral Test

Characteristic Without SR S_ Treatment
Values QT state 550OCx5hr 5BOOCx5hr 61O 0CX5hr

fi (mm) 0.113 0.127 0.116 0.127

60.05(mm) 0.155 0.188 0.163 0.174

Ji (N/mm) 113.8 118.7 108.7 118.5

Jo.o5(N/mm) 150.7 167.5 145.0 155.0

JO.2(N/mm) 255.7 314 254-3 264.9

It can be seen from Fig.2 and 6. Stress Corrosion Resistance
Table 11 & 12 that after stress-relief 6.1 Constant Stress Tension Test
heat treatment under the temperature of (Table 13)
550°C-610 0 C for 5hr, WDL-60 steel keeps 6.2 Simple Supporting Seam Test
good strength, plasticity and toughness (Table 13)
as well as fracture resistance similar to
those of the steel without SR treatment, 6.3 Constant Displacement WOL Test
only with a slight rise in NDT tempera- (Table 13)
ture.

Table 13 - Results of d h, Sc & WOL Test

Specimen Plate YP 6 Sc Klscc Klscc/YP
position thickness (i1Pa) (720hr) (MPa) (MN/my) (mml)

Matrix 24 549 / 1360 52.7 3.04

Mqatrix 36 588 0.69YP 970 46.8 2.52
Welded 36 549 0.61YP / 53.9 3.11
joints

Standard / -490 -!. 45YP 830 / -!I.51

WDL-60 steel plate and welded joints 7.1.2 Y-slit Restraint Cracking Test
were tested in H23 solution by con-tain stess enson, impe suporing- In aecor~iance with JIS Z3158, Y Slit
tant stress tension, Simple supporting Restraint Cracking Test was conducted.
beam and WOL methods according to NACE The test results are shown in Table 15.standard, and showed higher 07h, Sc and

K1scc/YP values than the standards, and Table 15 - Results of Y Slit Restraint
good H2S stress corrosion resistance. Cracking Test

7. Weldability Preheating Temp.(OC) 25 50

7.1 Cold crack Suseptibility Test (room temp.)

7.1.1 Maximum Hardness Test (Table 14) Cross Section

Table 14 - Results of Maximum Hardness crack rate 0 0

Test Rcot 0 0
Plate Specimen Maximum Hardness crack rate

thick- thick- Room temp. Preheat 507C Note: Welding seam diffusible hydrogen
ness ness(mm) welding welding content equals to 1.46ml/lOOg
(mm) 7.1.3 Window-type Restraint Cracking

36 20 320 Hv 280 Hv - Window-type restraint cracking tests
with angular distortion are used to test
the cracking of the weld toe in butt-
welded joints which are produced under
angular distortion and in which a large
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bending moment is induced as a result of

welding.

Table 16 - Results of Wendow-type Restraint Cracking Test

Restraint Plate Specimen plate preheating Heat Interpass Holding test methods
size (mm) size (am) temperature input temp. time cut

(°C) (KJ/cm) (0C) after X-ray piece
welding

1200x1200x50 500x18036 50 17-25 150-200 48 No crack

7.1.4 Tensile Restraint Crack (TRC) Test simulated to hand-welding (17.5KJ/cm) and
(Fig.3) submerged arc welding (40.5KJ/cm) was

adopted. The results show that the soli-
dification crack critical stresses 6min
of this steel simulated to hand-welding

YP and submerged arc welding are 1.15% and
no crack respectively. The corresponding

--- <r YP HAZ liquified crack critical strain 6 min
YP r Vfor hand-welding is 2.54% and no crack

for submerged arc welding. This illus-
400 rer ar trates that this steel has very good hot

Ocrack resistance.

7.3 Reheating Crack Susceptibility Test

200 - The high temperature slow tensile
test recommended by IIW and the implant

Critical -method were adopted. The results show
tint 617 617 588245 353 490 that when the SR temperature is higher

strosa(Mlra) 1 617 45 than 6000c, there is a certain degree of
Welding reheating crack susceptibility. However,
ternp.(oc) 25 25 25 25 25 150 180 when SR temperature decreased to 5800 C,
Diffusible the reheating crack susceptibility de-
hyd rogen
Content 1.18 1.04 1.18 104 6.0 creased remarkably, or even no crack
(n1/00g) produced. In fact, in the explosion test

FDL Wel- 1 oof WDL-60 steel simulative pressure yes-
type -60 en 8MnoNb sel, the end covers and connected pipes

were SR treated under 600°CX2hr after
welding, the welding seam surface were

Fig.3 The effect of different processes examined by 100% color-painting test, and
on the critical restraint stress no cracks were found. During the explod-

ing, the real pressure exceeded the theo-

The above experimental results show retical estimate, the original exploding

that WDL-60 steel Hvmax< 330 (Table 14), point was not on the SR treated connec-

has low hardenability. Root cracks can be tion, but was on the matrix of the pipe.
avoid completely when extra low hydrogen This shows that WDL-60 steel has no bad
electrode with fH)<1.5ml/100g are adopted results after 6000C SR treatment.

(Table 15). Window shape restraint tests 7.4 Welding process Estimation Test
also show that no cracks occur (Table 16). - According to fiThe Pressure Vessel
This experiment simulated large steel Safety Test Standard"9 published by the
structure restraint conditions and welding Labor Ministry of the People's Republic
processes on the spot. TRC test can be of Chna, the hand welding process of WDL-
used to in vestigate the effects of re- 60 steel was verified. The welding posi-
straint stress, welding seam diffusive tions are classified as downhand welding,
hydrogen content and welding techniques vertical we'ding and horizontal welding.
etc. on the cold crack suseptibility quan- The groove shape was of unsymmetrical X
titatively, and the critical restraint shape. Welding heat input was 17-25KJ/cm
stress 0-cr is taken as the criterion, without preheating and the temperatures
Fig.3 indicates that the 6 r of WDL-60 between layers were 150-200oC.
steel is higher than yield point. From
what is mentioned above it can be seen 7.4.1 Jin Zhou Heavy Machine Plant
that this steel has excellent cold crack Welding Process Estimate - The test re-
resistance. sults are shown in Table 17.

7.2 Hot Crack Susceptibility Test
Varestraint test with TIG welding
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Table 17 - Results of Tensile, Bend and Hardness Tust on Welded aoint
bend test Impact test Hardness test

Tensile test Bend radiuslBend angle -40 C,vE(J)

YP TS R=1.5t 1000 Notch position HAZ,Hvmax (10kg)
FWeld Fusion HAZ(I4Pa) (MPa) Face root side imetal line

490 678 good good good 219 151 80
519 671 70 153 229 289

66 94 179 1
7.4.2 Lan Zhou Petroleum Chemistry ma-

chinery Plant Welding Process Estimate

Table 18 - Results of Tensile and Bend Test on Welded Joint

Welding Heat Treatment Tensile test Bend test

position input YP(MPa) TS(MPa) 5 (%) Bend radius Bend angle
KJ/cm R=1.5 I._tOO °

Face Root Side

As welded 598 686 23
Downhand 17-1I9

SR 58 647 25 good good good
Vertical 40 SR 632 good good good

Horizon 30 SR 647 good good good

25 0
7.4.3 Charpy Impact Test for B'itt Weld-

ed Joints of Various Welding Position
- Charpy impact test results are shown in o
Fig.4 - a,b,c,d. o A

It can be seen from the results in A

Table 17 and 18 that the strength and
plasticity are higher than those of the 10o
standard and the cold bending in three
positions are also up to standard. The 5o
results in Fig.4 shows that the -40°C
low temperature impact energy in three
positions are higher than 47J defined by -6 -40 -20 0 +20

the standard. Thus, WDL-60 steel can q-e.t Temprnature, o0

adapt to the welding process and satisfy
the property requirement, especially the Eig.4-a 2mm V iiotch harpy Impact
low temperature toughness requirement. Loest aesults of elded Joint

8. Microstructure 
Analysis

8.1 Quenching state: After water-quench
the microstructure of WDL-60 steel was 250

lath martensite and bainite in various
amount with the change of plate thickness, -20o0

as shown in Fig.5. Under the transmission
electron-microscope, this kind of bainite 1
could be identified as type I bainite(BI)
and type lj bainite(Bf), while neither
typexabainite(BI) nor filmy and granular 10oO "
pearlite and sorbite was found in the D_ _-

film specimen (Fig.6). 50 BOND

8.2 Quench and high-temperature temper
state: -60 -40 -20 0 2l')

The microstructure analysis revealed Tent remperature, oc
various structure changes during precipi-
tation, recovery and recrystallization Fig.4-b 2mm V Notch Gharpy impact
through high temperature temper treatment Test itesults of welded Joint
in the quenched WDL-60 steel. ,fter sit 'ireatment

In the process of precipitation, (Downhand welding)
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250

* 200

S150.

1eo
o . DEP0

0

50-HAZ

-60 -40 -20 o 20

Test Temperature, oc kig.5 Wuenching microstruc-
ture photograph

±.,ig. 4 -c 2mm V iNotch uharpy Impact 630X
lest .esults of elded Joint
after SR Treatment (Vertical
welding)

250C

-203

-150

10 K4r--DEPO

Te!,, Tem-4 erature, c Fig.6 Irecipitation after

'ig.4-d 2mm V Notch Charpy Impact 'les3t quench under eletrn-
iesults of Welded Joint after in (ilm specimen)30000X
Treatment ( Horizontal position
welding

because of the high density of disloca-
tion (about 10.,10OI/cm ) and the inner
twin in the martensite lath, which can
form the nuclei of the second phase pre-
cipitation just like the martensite lath
boundar'ies, the carbide can precipitate
either on the martensite boindaries or in
the martensite lath, as shown in Fig.7.
But in the bainite lath, there are very
few saturated carbon atoms, nor disloca-
tions and twins as the nuclei of preci-
pitation, therefore, very few carbide par-
ticles can be seen in the bainite lath.
Residual austenite between BI and marten- .ig. 7 Precipitation after
site lath transformed into sorbite in a quench under electron-
quite small micro-zone. microscope

During recovery, the dislocation (-lm specimen) 3150OX
twists are untied, and offset to each
other. Those laths with small angle being, in which the density of dislocation
boundaries merge into broad laths, even a further decreases; and the second phase
bunch of laths merge into one lath. This particles originally segregated on the
process leads to most carbide precipi- lath bnundaries and on the bunch bound-
tating on the bunch boundaries, as shown aries, tend to distribute homogeneously,
in Fig.8. as shown in Fi,7.10. When the temper tem-

With the transition of large angle perature ircreases, especially to (O+r)
boundaries, recrystallization starts and interstitial zone , martensite islands and
polygonal ferrite gradually comes into recrystallized ferrite will occur (Fig.11).
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i ig. 11 fecrystallization after

ig.8 Precipitation after quench quench (Film specimen)
under elect ronmicroscope 18000X
(r xtracted duplication) 4000X

preliminary stage of recrystallization can
-' still keep good balance of strength and

toughness.

. .,. THE APPLICATION OF WDL-60 STEEL

1. Large Spherical Tank
*, WDL-60 steel has been applied by

Jinzhou Heary Eiachinery Plant and Lanzhou
Petroleum Chemistry Machinery Plant to the
manufacture of large 3pherical vessels,
such as, oxygen spherical vessels with
volumes of 200,13 and 4OOJM3, designing
pressure 2.94MPa and the shell thickness
30 & 38 mm; ethylene spherical vessel of

zig.9 itecovery structurc after 100C0ip valume, -40°C temperatur . 2.16KPa
quench (rbxtracted duplication) pressure & 38 mN shell thicknei. gas

560OX tank with 2000M9 volume, 1.67MPa pressure
& 36 mm shell thickness. Through the

.- . .~ manufacture and installation, for example,
cutting, groove-working, cold-forming,
welding and repairing as well as final
constructing WDL-60 steel shows excellent
process properties and the performance of
spherical vessels is very good.

, ". 2. High Pressure Oil Seperate Vessels
WDL-60 steel was also adopted by

Hunan Electric Power Equipment Plant to
make pulsative high pressure oil separate
vessels with 7.84HPa pressure, 40

- ' times/min pulsative frequency and 24mm
hull thickness. A group of four vessels
were used to make up a powerful high pre-

I.ig. 10 tiecrystallization after ssure pump which was purchased by Hang-
quench (Extracted duplication) zhou Power Station to send the dust pulp

400OX to a place 26.5km far away. This kind of
vessels had been made of 16HnR steel
plate of 30mm and produced cracks in less

8.3 The Optimum Combination of Strength than 400hr. Since .,DL-60 steel was adop-
and Toughness. ted, the vessels have been working for

The large amount of experimental re- more than 6000hr without any cracks. Ac-
sIts show that under reasonable quench cording to the estimate based on the
and temper process of WDL-60 steel, the fatigue testing curve, the oil separate
optimum combination of strength and vessels made of WDL-60 steel will work
toughness corresponds to the microstruc- 5 -10 years.
ture obtained from the last stage of re- 3. High water Fall-Difference Power
covery during the tempering treatment. Station Pressure Pipes, off shore struc-
Even the microstructure obtained from the
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PROPERTIES AND MICROSTRUCTURES
OF COPPER PRECIPITATION

AGED PLATE STEELS

A. D. Wilson, E. G. Hamburg D. J. Colvin, S. W. Thompson, G. Krauss
Lukens Steel Company Colorado School of Mines

Coatesville, Pennsylvania, USA Golden, Colorado, USA

Abstract the U.S. Navy. The military specification for
the military form of this steel is MIL-S-24645

The properties, microstructures and alloy and the steel is commonly referred to as "HSLA-
design considerations for low-carbon, copper- 80". In all applications of this steel, the
bearing, precipitation-aged plate steels are high strength (80 ksi, 552 MPa min. yield
presented. Four chemistries based upon the strength) and excellent toughness are critical
A710/HSLA-80 system with modified levels of Mn, to its application. However, of greatest
Mo, Ni and Cu were investigated. Commercial importance is the excellent weldability of the
heats with plate thicknesses up to 8 inches low-carbon alloy.
(203 mm) provided the sample material for this Copper-bearing, precipitation-aged steels
investigation. The transformation behavior is were originally developed for use in the rolled
characterized by continuous cooling transform- and aged condition. Controlled rolling pro-
ation diagrams established with a computerized, vides higher strength and toughness in thicker
closed-loop, thermomechanical system. Depend- plates(2* .  When the ASTM specifications were
ing on -ilioy content, proeutectoid ferrite, developed, three classes of steel were identi-
granular bainite, and martensite were found to fied: Class 1 plates are produced by rolling
be the dominant microstructures over wide and ageing, Class 2 by normalizing and ageing,
ranges of cooling rates. The effects of ageing and Class 3 by austenitizing, water quenching,
and plate thickness on strength and toughness and ageing (Q&A). Currently, thinner plates,
are documented. In the most hardenable steel, less than 5/16 inches (7.9 mm), are produced as
slight increases in carbon content (0.04 pct to Class I or Class 2 for U.S. Navy applications.
0.06 pct) were found to significantly increase All thicker plates are produced by Class 3 Q&A
strength. Structural refinement via double methods. The major tonnage of steel used in
austenitizing or controlled rolling prior to Naval or commercial applications has been in
heat treatment improved toughness. the Q&A treatment. All of the results reported

in this paper will be on Q&A alloys.
The successful application of HSLA-80/A710

steels has led to further study of strength/
toughness/thickness interrelationships.

LOW-CARBON, COPPER-BEARING, precipitation- Recently, a modified A710 steel with higher Mn
aged plate steels have been attracting (1.4 pct) and Mo (0.45 pct) content (A710
increasing interest and applications. These Modified) was developed, which exhibited
steels have evolved from IN-787, which was improved strength/toughness/thickness proper-
developed in the late 1960's by the ties( 3 ). In conjunction with the U.S. Navy, a
International Nickel Company( 1 ). Steels with new grade of steel known as HSLA-100 with
a nominal composition I pct Cu, 0.8 pct Ni, higher amounts of Ni, Cu, Mn, and Mo than those
0.7 pct Cr, 0.2 pct Mo, and a small amount of of the HSLA-80/A710 was developed (4 ). A steel
Nb have been designated as A710 for structural with a chemistry intermediate to HSLA-80 and
applications and A736 for pressure vessel HSLA-100 has also been developed(5 ). This
applications over 10 years ago by ASTM. This intermediate composition (HSLA-80/100
type of steel has been used in a variety of modified) has higher levels of Mn, Mo, and Ni
applications including offshore platforms, than the HSLA-80 steel, but less than the
arctic linepipe valves, mining equipment, and 3.5 pct Ni found in HSLA-100. This intermedi-
drcging equipment. However, a significant ate chemistry was developed to provide 80 ksi
recent application of these steels is as a (552 MPa) minimum yield strength in thicker
replacement for HY-80 (MIL-S-16216) steels by plates and 100 ksi (690 MPa) minimum yield
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for thin plates with a leaner chemistry than they increase bainitic harden-
HSLA-100. In the following sections, the ability by delaying the onset
alloy design considerations, the properties, of proeutectoid ferrite forma-
and the microstructures of these copper- tion. Both elements are
bearing, precipitation-aged steels are present- important in retarding temper-
ed. All plates for evaluation of these four ing during the ageing treat-
alloys were produced from commercial heats with ment.
the heat chemistries presented in Table I. - Niobium: This alloying element provides

grain refinement during hot
ALLOY DESIGN CONSIDERATIONS rolling and subsequent austen-

itizing treatments.
The original alloy development program The influence of these alloying elements

responsible for the A710 grade of steel identi- on the bainite start (BS ) temperature is deter-
fied the importance of key alloying mined by the Steven and Haynes formula (I0 ) .

elements( 2 ). Since that time, a need to BS (OC) - 830 - 270 (pct C) - 90 (pct Mn)
improve the strength and toughness levels for - 37 (pct Ni)
thicker plates has led to further developments 70 (pct Cr)
in this alloy system. As introduced above, - 83 (pct Mo) (1)
these developments have led to an improved The martensite start (MS) temperature as a
understanding of the influence of increased function of composition is given by the
alloy additions on the behavior of this family Andrew's product formula(ll):
of steels. Detailed below are the metallurgi- MS (OC) - 512 - 453 (pct C)
cal contributions of each of the important - 16.9 (pct Ni)
alloying elements. + 15 (pct Cr)

Carbon: In the original A710 specifi- - 9.5 (pct Mo
cation, C was limited to 0.07 + 217 (pct C)
pct. This low-carbon content 71.5 (pct C* pct Mn)
leads to improved weldability - 67.6 (pct C* pct Cr) (2)
of this grade of steel as is Increased alloying therefore promotes structur-
indicated by the Graville al refinement by lowering the BS and MS
diagram(6 ) shown in Figure 1. temperatures. Others have found the Steven and
It has been demonstrated that Haynes formula useful in studies of ultra low
these alloys can be welded carbon bainitic steels (1 2 ) . The carbon
w i t h I i t t I e o r no equivalent values are also dependent on the
preheat( 7 ,8 ). Lower carbon amounts of alloying elements. The Graville
contents also lead to improv- diagram is based upon the carbon equivalent
ed toughness. At these low- (CE) formula as shown in Figure 1. The
carbon levels, small changes calculated BS , MS and CE values are summarized
in C content can affect in Table II for the five commercial heats of
strength dramatically, steel evaluated in this program. Of prime

Copper: The addition of copper in- importance to the microstructural development
creases strength in these low- is the effect of alloying elements on the
carbon steels by precipitation location of the proeutectoid ferrite C-curve.
of copper-rich particles during Hence, the austenite transformation behavior is
ageing. Copper also improves best described by continuous cooling
hardenability and decreases transformation (CCT) diagrams.
the tempering rate of bainitic
and martensitic regions during CONTINUOUS COOLING TRANSFORMATION BEHAVIOR
high-temperature ageing.

Nickel: Nickel was originally added in To better understand the response of
amounts greater than 0.7 pct to characteristics of austenite decomposition, CCT
prevent the hot shortness diagrams were developed for three of the
normally associated with alloys: HSLA-80, A710 Modified and HSLA-100
copper-containing steels( 9 ). with 0.06 pct C. These diagrams are useful for
Nickel dramatically increases understanding the transformation response of
the hardenability and promotes these alloys to water quenching of various
higher toughness. plate thicknesses from austenitizing tempera-

Chromium and Molybdenum: Both of these tures. The CCT work was performed on a
alloying elements were origin- Gleeble 1500 machine. The specimens used in
ally added to retard Cu- the study were 0.25 inches (6.35 mm) round and
precipitation during cooling 4.0 inches (101.6 mm) in length. Hollow
from the austenite range. specimens were cooled at the fastest rates by
These elements are very quenching in helium. Radial contraction was
important in influencing the measured at the midspan diameter of each test
transformation kinetics of specimen as a function of temperature.
these steels, and particularly Specimens were heated by electric resistance
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Table I - Chemistries of Mill Production Heats and Chemistry Specification
(weight percent)

S Mn P S Cu Ni Cr Mo Si Nb

HSLA-80 .05 .50 .009 .002 1.12 .88 .71 .20 .28 .035

A710 Modified .06 1.45 .012 .002 1.25 .97 .72 45 .35 .040

HSLA-100

Heat #1 .04 .86 .008 .002 1.58 3.55 .57 .60 .27 .033

Heat #2 .06 .83 .010 .002 1.66 3.48 .58 .59 .37 .028

HSLA-80/100
Modified .05 1.00 .009 .001 1.23 1.77 .61 .51 .34 .037

MIL-S-24645
HSLA-80

- Min. .40 1.00 .70 .60 .15 .02*

- Max. .07 .70 .025 .010* 1.30 1.00 .90 .25 .40 .06

Interim
HSLA-100

Min. .75 1.45 3.45 .45 .55 .02

Max. .06 1.05 .015 .006 1.75 3.65 .75 .65 .40 .06

* For A710 0.025 pct max. S and 0.02 pct min. Nb only.

Table II - Experimental and Calculated Critical Temperature

LS (a )  BS(b) CE(c) AC1 (d) AC3(d)
OF (°C) OF (°C) OF (°C) 5F (°C)

HSLA-80 894 (479) 1242 (672) .42 1319 (715) 1589 (865)

A710 Modified 871 (466) 1038 (559) .51 1274 (690) 1580 (860)

HSLA-100

Heat #1 811 (438) 968 (520) .66

Heat #2 793 (423) 968 (520) .70 1256 (680) 1517 (825)

HSLA-80/100
Modified 856 (458) 1067 (575) .53 -

(a) Calculated from Equation 2
(b) Calculated from Equation 1

(c) Calculatea from Figure I
(d) Experimentally determined by P. Coldren at AMAX Research

Laboratories using 2
0 C/min. heating rate.
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influence of Carbon Level and Carbon Equivalent on
Susceptibility to HAZ Cracking of Plate Steels. (from Graville)
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heating and the temperature was monitored with stituents are shown in Figure 5. Areas that

thermocouples welded to the specimen midspan. resemble granular bainite, to be discussed in

Each sample was cooled exponentially similar to the next section, have also been observed in

the Newtonian formula for natural mill-quenched HSLA-80 plates. Microsegrega-

cooling(1 3 ,14,
1 5 ) . The cooling time over the tion within this alloy may lead to local areas

temperature interval of 1472
0 F (8000 C) to 935

0 F enriched in Mn and Mo which may transform to

(500 0 C) was used to determine cooling rate. bainite or martensite.

Specimens were austenitized at 1660°F (9050 C), In the case of A710 Modified, the dominant

which is the austenitizing temperature used for microconstituent at intermediate cooling rates

the mill heat treatment of these alloys. Table is "granular" bainite. The term granular

II presents the critical temperatures associ- bainite was first used by Habraken and

ated with these alloys. The CCT diagram was Economopoulos(
1 8 ). The typical appearance of

outlined by the transformation start and finish granular bainite is shown in Figure 6. Figure

temperatures for each transformation as deter- 6(a) is a light micrograph and Figure 6(b) is a

mined by dilatometry. These temperatures were montage of TEM micrographs. Granular bainite

established by evaluating inflection points consists of packets of ferrite laths with non-

from the radial contraction/temperature record. cementite, interlath, second-phase particles.

Diamond pyramid hardness values were also These particles were identified with the TEM as

determined at the end of the cooling cycle, retained austenite or a combination of retained

Results of the CCT diagram studies are austenite and martensite(
19 ). The presence of

summarized in Figures 2 to 4. The experi- retained austenite at room temperature indi-

mentally determined MS and BS  temperatures cates that the bainite finish temperature does

compare well with the calculated values, not represent 100 pct transformation of the

Furthermore, the location of the proeutectoid parent austenite. These microstructures are

ferrite C-curve reflects the alloy content of sometimes incorrectly identified as upper

each steel. The HSLA-80 CCT diagram (Figure 2) bainite which consists of ferrite and

consists of proeutectoid ferrite, acicular cementite. The volume fraction of these

ferrite, martensite, and upper bainite. This second-phase particles is about 0.15.

CCT diagram agrees well with information Approximately one-half of the volume fraction

reported by others (16). The CCT diagram for of the second-phase particles is austenite and

A710 Modified steel (Figure 3) shows an exten- the other half martensite (19 ) . The large

sive bainitic region. At very fast and very particles were found to be mostly martensitic,
slow cooling rates, martensite and proeutec- but are frequently surrounded by films of

toid ferrite form, respectively. The granular austenite. No cementite was identified in as-

bainite formed in the A710 Modified steel is quenched steel. Subsequent to ageing, the

discussed in the next section. The extensive microstructure showed little change in the

bainitic region also correlates well with the volume fractions of martensite or austenite;

fact that fully bainitic microstructures have however some interlath cementite was

been found in plates produced from this alloy found(l9). This observation indicates that

up to 8 inches in thickness (4 ). A preliminary most of the austenite is extremely stable with

CCT diagram of the HSLA-80/100 modified steel respect to transformation during the high-

exhibits behavior similar to the A710 Modified, temperature ageing treatments. Granular

but with a larger martensite region. The bainite forms in austenite grains as similarly

HSLA-100 CCT diagram (Figure 4) shows an oriented ferrite laths (19 ) . The interlath

extensive martensitic region, so even thick pools of austenite are most likely enriched in

plates exhibit a martensitic microstructure. carbon.

At much slower cooling rates, granular bainite The dominant phase in thin and intermed-

and proeutectoid ferrite form. These obser- iate thickness plates of the HSLA-100 steel

vations also agree with results from mill- (0.06 pct C) is martensite. Granular bainite

produced materials( 17 ). The only other CCT forms at much slower cooling rates (thicker

diagram available on comparable steels was plates). The martensite laths in this steel

produced by Speich and Scoonover( 16 ) on an are too fine to be resolved in a light

HSLA-80 steel with a slightly lower carbon microscope and prior austenite grain bound-

content. Their work aided in the interpre- aries are not easily distinguished with a nital

cation of the results of the current study. etch. This observation is demonstrated in
Figure 7(a). The granular bainites that are

MICROSTRUCTURAL CHARACTERISTICS found in the HSLA-100 at slower cooling rates
are very similar to those found in the A710

As discussed in the previous section, a Modified. However, the martensitic micro-

range of microstructural constituents have structure tends to be much finer than the

been found in this family of low-carbon steels, coarser granular bainite. The effect of C-

In HSLA-80, proeutectoid ferrite is the primary content on the microstructures of 2 inch

microstructural component. Much smaller (51 mm) thick plates is clearly shown in Figure

amounts of acicular ferrite and martensite are 7. The HSLA-100 with 0.04 pct C is primarily

part of the commercially produced bainite (Figure 7(b)) compared to the

microstructure. Examples of these microcon- principally martensitic microstructure of the
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Figure 5 - Typical Microstructure of 1 Inch (25 mm) Thick HSLA-80/A710 Showing
Proeutectoid and Acicular Ferrite. Some Granular Bainite Also
Shown. (Nital-Picral Etch)

Figure 6 - Typical Microstructure of A710 Modified Exhibiting Granular Bainite:
(a) Light Micrograph, (b) Montage of TEM Micrographs.
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20 9

Figure 7 - Typical Microstructures 2 Inch (51 mm) Thick HSIA-100 Steel.

(Nital Etch) (a) 0.06 pct C Steel. (b) 0.04 pct C Steel.

0.06 pct steel (Figure 7(a)). were water quenched after ageing. HSLA-80,
In summary, by changing the levels of Mn, A710 Modified, HSLA-80/100 Modified, and HSIA-

Mo and Ni, the positions of each transforma- 100 steels (0.04 pct and 0.06 pct C) were
tion region can be altered, giving rise to investigated. Figures 9 and 10 show the effect
different austenite trans-formation of ageing on the yield strength and ultimate
characteristics. For a wide rang- of cooling tensile strength of some of these steels. Peak
rates, the HSLA-80 steel microstructure is yield strengths for these steels occurred in
dominated by proeutectoid ferrite. Similarly, samples that were aged at 850 to 950°F (454 to
the microstructures of A710 Modified steel and 510 0 C). CVN toughness properties are also
the HSLA-100 steel (0.06 pct C) are dominated shown in Figures 11 and 12. Minima in energy
by granular bainite and martensite, absorbed at -120°F (-84 0 C) and the 50 pct FATT
respectively, correlated with the peak yield strengths.

Copper precipitates which form in these Figure 13 presents a summary of the yield
steels have also been examined. The copper strength/FATT relationships of the four
precipitates which are evident in the TEM are steels. Comparisons can be made directly
epsilon-Cu. After ageing, typical precipitate between the strength and toughness properties
sizes range from 2 to 25 nm in diameter. These of different steels. For example, at a yield
precipitates are found at dislocations within strength of 110 ksi (758 MPa), the FATT of the
the ferrite grains (Figure 8(a)), at ferrite A710 Modified is about -70°F (-57 0 C) while the
lath boundaries (Figure 8(b)) and are FATT of the HSLA-100 is -160°F (-107 0 C). The
associated with sub-boundaries (Figures 8(c)and enhanced toughness of the HSLA-100 composition
3(d)). correlates with the higher nickel content and

may be related to the presence of tempered
AGEING BEHAVIOR martensite in comparison to granular bainite.

The yield strength of the HSLA-100
A detailed study of the ageing response of decreases rapidly when it is aged above 1150OF

1-1/8 inch to 1-1/4 inch (29 and 32 mm) plates (621 0 C). Despite this lower strength level,
was conducted(1 7 ). Plates, mill austenitized the FATT does not improve at a similar rate
and water quenched, were subsequently aged in (i.e., the slope of the curve in Figure 13
the laboratory. Mechanical properties were changes dramatically between 1150 and 1250°F
determined from samples of these steels in the (621 and 677°C)). A rapid decrease in strength
as-quenched condition and from samples aged at between 1150OF (6210 C) and 1250°F (6770 C) is
500OF (260 0 C) to 1250°F (6770 C). All samples undesirable for production processing because
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Figure 8 -Precipitates in These Alloy Steels: (a) Epilson-Cu at Dislocations,
(b) Epsilon-Cu at Lath Boundaries, (c) Bright Field and (d) Dark
Field Epilson-Cu at Sub-Boundaries.
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of the variability of strength that can occur mm) in thickness were produced. A 100 ksi
in the product. This is particularly a concern (690 MPa) minimum yield strength up to
when trying to meet the required range of yield 2 inches (51 mm) and 80 ksi (552 MPa) yield
strength allowed in this product of 100 ksi strength up to 8 inches (203 mm) was achieved
(690 MPa) to 115 ksi (793 MPa). with a modest toughness level. A summary of

Carbon content also has a strong effect on the properties of the plates produced from this
the strength of HSLA-l00. The first production heat of steel is given in Figure 19.
heat contained 0.04 pct C while the second The higher hardenability of the HSLA-100
production heat contained 0.06 pct C. Compar- steel indicates that it is able to achieve much
ing the yield strengths of the two heats shows higher levels of strength than the HSLA-80 and
a substantial carbon strengthening effect for A710 Modified steels. Plates from 1/2 inch (12
this plate thickness, on the order of 30 ksi mm) up to 3-3/4 inches (95 mm) in thickness
(207 MPa), at all ageing temperatures up to were produced from the 0.06 pct C steel dis-
1150°F (621 0 C), shown in Figure 14. Figure 15 cussed previously. A summary of the properties
shows the influence on toughness behavior. When obtained from this heat are shown in Figure 20.
a strength-toughness plot is prepared (Figure High levels of toughness were achieved in this
16), the improved performance of the higher steel with 100 ksi (690 MPa) minimum yield
carbon steel is demonstrated. In other words, strength throughout this range of thicknesses.
at any given yield strength, the 0.06 pct C The ageing temperature required to stay within
steel has superior toughness to the 0.04 pct C the yield strength specification range was
steel. At these generally low levels of between 1180OF (582 0 C) and 1240°F (6710 C).
carbon, small increases in carbon content have However, the high ageing temperatures for the
a large effect on hardenability. The presence thinner plates is very close to the Ac1
of martensite compared to a mixture of marten- temperature, 1256 0 F (680 0 C). This observation
site and bainite lowers the FATT. In addition, indicates that the 1-1/2 inch (30 mm) plate
for a given yield strength, the 0.06 pct C thickness is the practical lower limit for this
steel is always aged at a higher temperature. chemistry to avoid reaustenitization, which
Hence it is to be expected that the higher C causes considerable scatter in testing. A
steel has coarser copper precipitates and a leaner chemistry, such as the HSLA-80/100
coarser dislocation substructure which is more modified is appropriate for the plate thickness
conducive to improved ductility and toughness. less than 1-1/2 inches (30 mm). Figure 21
The potential deficiency of the greater shows the dynamic tear (DT) testing results at
carbide content in the microstructure of the -40°F (-40 0 C) for this steel. Upper shelf DT
higher carbon steel is outweighed by these results were achieved in all plates up to 3
phenomena. inches in thickness. At 3-3/4 inches (95 mm),

one value was not on the upper shelf.
PRODUCTION EXPERIENCE These steels also benefit from multiple

austenizating and quenching treatments prior to
HSLA-80 has been the most widely produced ageing. Typical results are presented in Table

alloy from this family of steels. Figure 17 III. The primary improvement, shown in Table
shows the range of strength and CVN impact III, is in the CVN toughness in the transition
properties that have been achieved in HSLA- region. Through multiple austenitization
80/A710 Grade A, Class 3 steel. It was very treatments, the presence of isolated large
easy to achieve 80 ksi (552 MPa) minimum yield austenite grains is minimized. This feature is
strength and the CVN toughness levels at demonstrated in the 0.04 pct C HSLA-1O0 steel
-120°F (-84 0 C) in this steel. Furthermore, if shown in Figure 22.
more stringent toughness requirements are The improved hardenability in going from
required, such as dynamic tear testing, con- HSLA-80 to A710 Modified, HSLA-80/100 modified
trolled rolling prior to the reaustenitizing, and HSLA-I00 steels is shown in Figure 23. In
quenching and ageing has been found to be this Figure, mill quenched plates of 1-1/4
beneficial 1 7 ) . This is further demonstrated inches (31.1 mm) thickness are compared. As
by the dynamic tear testing of mill plates, shown in Figure 23, the dominant microstruc-
Figure 18. Controlled rolling can be done with tural constituents are proeutectoid ferrite,
a number of schedules that normally result in granular bainite, granular bainite and
lower finishing temperatures during the hot martensite for HSLA-80, A710 Modified, HSLA-
rolling cycle. Because of the limited harden- 80/100 modified and HSLA-100 (0.06 pct C)
ability in the A710 steel, the plate thickness steels, respectively.
is normally restricted to 1-1/4 inch (32 mm) A significant concern in the use of any of
for very high toughness applications. However, these steels is the weldability. It has been
when only modest toughness and lower levels of well established that these steels are highly
yield strength are required, this steel has weldable( 7 ,8 ,2 0 ,2 1 ). However, it also has
been produced in thicknesses up to 5 inches been established that they are susceptible to
(127 mm). stress relief cracking(20 %2-24) . Upon welding

Only one commercial heat has been produced of these steels, copper precipitates dissolve
with the A710 Modified chemistry, and plates in the heat affected zones. With subsequent
from 1/2 inch (12.7 mm) up to 8 inches (203.20 stress relief, reprecipitation of copper
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Yield Strength and CVN Results, (17 Plates)
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Table III - Effects of Multiple Austenization on 2 inch (51 mm) Plates~a)

Number of Ave ./Mn. (c)
Austenizations Yield Strength(b) CVN in ft.lbs. (J)

ksi (MPa) O0 F (-18 0C) -120OF (-840

A710 Modified 1 90.9 (62]) 156/142 (212/193) 60/45 (81/61)
1240OF (671 0C) Age 2 92.8 (640) 183/162 (248/220) 116/92 (157/125)

HSLA-100 1 107.9 (744) 179/161 (243/218) 87/22 (118/30)
1189 0F (6380 C) Age 2 112.7 (777) 175/167 (237/226) 113/98 (153/133)

(a) Produced in mill; each austenitize followed by water quench
(b) Average of 4 tests
(c) Average and minimum values for 6 CVN tests

L~

7-
N

~~.A

Figure 22 Photomicrographs Showing the Influence of Double Austenization
on Bainite Packet Size. (a) Shows Large Bainite Packet in Single
Austenitized 2" HSLA- 100 Plate Compared to (b) After Double
Austenizat ion
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Figure 23 -Typical Microstructures from 1-1/4" (32 mm) Plates of All Four
Chemistries: (a) HSIA-8O, (b) A710 Modified, (c) HSLA-80/100
Modiffed anid (d) HSLA-100 (Nital-Picral Etch)
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Abstract
ASTM A710 microalloyed precipitation showed potential for stress relief cracking in
strengthened steel provides to potential users the modified Lehigh restraint test, the effect
a constructional material of high strength and being greatest above 600C but observable at 482C.
toughness combined with excellent fabrication These latter two effects suggest that post-weld
weldability. Of importance to its application heat treatment should not be used on this steel
are the properties of its weldments, particularly for metallurgical reasons.
the toughness, its response mechanical forming,
and the effects of heat treatment after forming
or welding on its properties. The study reported THE USE OF MICROALLOYED STEELS for constructional
here was designed to provide data in these areas. and pressure vessel applications has a long hist-

ory, going back to the 1940's when criticalThe A710 steel studied was 32 mm thick Grade A material shortages made the utilization of only
Class 3 and had a yield strength of 602 MPa and small amounts of alloys in steel products manda-
a tensile strength of 673 MPa. The transverse tory. In the 1950's, a number of companies also
orientation 47 J Charpy impact transition temper- introduced construction steels that contained,
ature of the plate was -145C. Cold plastic along with Mn and other aloys, V, Ti, and Nb.
strain of 5% increased the transition temperature Most of these steels are now covered by ASTM
to -113C. Aging at 370C for 10 hours did not specifications A588 and A572 and may also be
increase the transition temperature further, considered early microalloyed steels, although
Stress relief treatments of 2 and 10 hours at they were not identified as such. However, it
620C decreased the transition temperature to was in the 1970's that the microalloyed steels
-127C or below. with low carbon content, high Mn levels and

microalloy carbide and nitride formers really
The course grained heat affected zone of A710 became identified as construction materials with
weldments had a lower toughness than the base high strength, good weldability and good low
metal, an effect that was greater at higher temperature toughness. These materials allow
welding heat inputs. For heat inputs of 2KJ/mm, control of grain size and microstructure such
the as-welded 47J transition temperature in the that, either as-rolled or specially processed,
heat affected zone was -78C. High heat input steels with qood combinations of properties are
welds, 5.3 KJ/mm, resulted in heat affected now available for a number of applications.
zones with a 47J transition temperature of -33C.
Weld metals used for the study, typical of those The use of Cu in amounts over 0.2% to strengthen
used in construction, were adequate in strength structural steels also has a long history,
but had transition temperatures above those of starting at least in the 1940's, when it was used
the heat affected zone in the same weldment. in some ship steels. Structural steels clearly

using Cu for precipitation strengthening, fore-
Post weld heat treatment at 620C did not runners to the current ASTM A710 grades, were
consistently improve heat affected zone toughness actually introduced in the 1960's, but generated
over the as-welded condition and 2 hour heat little interest at that time. However, engineer-
treatment cycles increased heat affected zone ing needs change, and there is now a considerable
transition temperatures. Similar treatments had interest in the combination of properties that Cu
little effect on base plate toughness. The A710 bearing steels of the ASTM A710 type provide.
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Of special interest is the very low carbon previous studies so that "worst case" or
content, below 0.07%, that virtually prohibits conservative data would be produced. Strength
hard, crack sensitive heat affected zones on properties were a secondary consideration and
welding, making preheat for welding unnecessary. were not measured for all conditions of testing.
Because of the choice of alloys present and the All tension and Charpy impact tests were perfom-
strengthening mechanism, strength can be very ed in accordance with ASTM Specification E370.
high and transition temperatures, low. This The impact specimens were standard size. The
combination makes it especially attractive for tension test specimens had a diameter of 6.4 mm
special ship steels but there are also and a gage length of 25.4.
structural and pressure vessel applications STRAIN AGING STUDY-The strain aginq study
where one or more of its characteristics may be was performed by tensile prestraining of bars
useful. 70 mm wide 13 mm thick and 457 mm long. This

prestraining specimen is seen in figure 1. The
It was for these reasons that the Pressure bar was cut from approximately the quarter thick-
Vessel Research Committee and the Center for ness position of the plate. Prestraining was
Advanced Technology for Large Structural done in a universal testing machine using scribe
Systems at Lehigh University initiated a program marks on the bar surface to control strain. The
in 1985 to study the strength, toughness and uniform strain gage length was 241 mm and
fabrication characteristics of the A710 steel as approximately 16 standard Charpy V-notch specimens
a complement to its then nearly completed study were prepared for each condition of test.
of conventional and new mi~r~alloyed steels. Specimens were both strained and tested in the
The prior studies 1, 2,3,, , covered the TL orientation. The conditions tested are given
effects of heat treatment, forming operations below.
and welding on the strength and toughness of 1. As received.
A572, A588, and A737 Grades B and C steels. A 2. Stress relieved 2 hr at 620C.
parallel investigation of A808 steel has just 3. Stress relieved 10 hr at 620C.
been started and a similar study on A710 appear- 4. Plastically strained 5%.
ed a natural extension of this program. As in 5. Strained and aged at 370C for 10 hr.

the previous work, the effects of fabrication 6. Strained, aged and stress relieved

operations, i.e., cold forming and welding, were 2 hr at 620C.
given emphasis, as were the effects of heat 7. Strained, aged and stress relieved
treatments following these operations. The 10 hr at 620C.
philosophy followed was that base metal proper- WELD HEAT AFFECTED ZONE STUDY-The heat
ties are relatively easy to document, but changes affected zone study utilized weldments made on
in these properties, especially toughness, full thickness base metal using the flux cored
during fabrication operations are often unknown arc process with varying weld heat inputs. The
and should be the focus of the investigation, weld preparation was a single bevel on one side

of the groove so that, after welding, a straight
MATERIALS AND PROCEDURES heat affected zone was produced on the unbevelled

side of the joint. The joint preparation used
MATERIALS-The base material was a 32mm thick and specimen locations are shown in figure 2.

plate of A710 Grade A Class 3 steel. The The shielding gas used was C02. A multipass
composition properties of the plate are given weld was deposited in the groove at a sufficient
in table I along with the specified properties angle, usually 30 degrees, to the surface of the
for the grade. During the weldability program, plate to produce good sidewall fusion on the
two weld metals were used to produce the test unbevelled side. There was a 4 mm root gap and
weldments. The welds were used primarily to a backing plate was used to provide root fusion.
create joints to measure heat affected zone The variations ir heat input were produced by
properties but were intended to be adequate in changing arc amperage and travel speed. Wire
strength for the base plate. The major weld diameters of 1.6 mm were used for heat inputs
metal types used were AWS 5.20 70T-1 and 5.29 up to 2.0 KJ/mm. For higher heat inputs, wire
E91 T1-K2. Their typical chemical and mechanical diameters of 2.4 mm were used. One weld, at
properties are given in table 1. In the stress 4.0 KJ/mm, was made with the submerged arc
relief cracking studies, two additional weld process using an AWS 5.23 EM2 electrode.
metals were used to develop the restraint The Charpy impact specimens for testing were
necessary for the test specimen, E11O T5-K4 and taken fr-om the quarter thickness positions in the
E8018-Cl. They were selected for their nomiral plate in the coarse grained heat affected zone as
strength level, and their compositions and shown in figure 2 and were notched within one
properties were not assessed. nm of the fusion line. The plates were welded

MECHANICAL PROPERTIES MEASURED-The test such that the specimens were in the TL orienta-
program consisted primarily of Charpy impact tinn to the plate rolling direction. The speci-
tests performed in the transverse (TL) mens were notched transverse to the plate thick-
orientation to the rolling direction of the ness and each specimen was etched prior to
plates. This was the philosophy followed in the notching so as to locate the notch as precisely
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as possible. RESULTS AND DISCUSSION
Early tests made from plates welded with the

relatively lower toughness AWS 5.20 70T-1 weld BASE AND WELD METAL PROPERTIES-The data of
metal showed lower HAZ toughness values than table 1 illustrate the excellent combination of
expected and substantial test data scatter. strength and toughness that the A710 Grade A
Individual specimens were metallographically Class 3 material can provide and also the influ-
studied to determine if the fracture path had ence of stress relief (post weld heat treatments)
incorporated a large amount of weld metal. In on its properties. For the material used in this
some cases this was true, but for many specimens, investigation, strength properties were well
it was not. Additional tests made with the above the minimums required and treatments at
higher toughness AWS 5.29 E91 T1-K2 weld metal 620C for up to 10 hours did not decrease them
and using more accurate notch placement reduced below this level. Similarly, both weld metals
the test scatter to some degree but by no means met the minimum strength requirements for the
eliminated it. Moreover, the HAZ test results base metal as welded. Based on the response of
were not significantly changed. Eventually it weld metal 1, they would be expected to do so for
was concluded that more scatter than normally treatments of up to 8 hours at 620C.
encountered is a characteristic of this steel. The biggest disparity between the base and

STRESS RELIEF CRACKING STUDY-The stress weld metals is in toughness. The base metal has
relief cracking study performed on the A710 steel a very low transition temperature, -145C, and
used a modified Lehigh restraint specimen. This maintains it after stress relief treatments of
specimen is seen in figure 3. The specimen has up to 10 hours at 620C. Weld metal 1, a typical
an open slot in which the weld is made such that structural weld filler metal, has a transition
one end of the weld is free to contract trans- temperature over 150C higher than the base metal
versely on solidification and subsequent cooling and weld metal 2, which would normally be
while the other is constrained by the width of considered a filler of good toughness, has a
the plate. The weld is deposited in the machined transition temperature 87C higher. This is not
groove above the slot such that it does not attributable to any deficiency on the part of
penetrate through the land, leaving a notch in the these fillers but rather the unusually low
root area. This root notch, in conjunction with transition temperature of the A710 Grade A
the transverse constraint in the specimen, pro- Class 3 plate. The strength and toughness of the
duces cracking in the weld heat affected zone in weld deposit is somewhat dependent on the heat
susceptible materials. Welding is from the open input used in welding and table 3 shows that high
end toward the restrained (keyhole) end. heat input can increase the transition tempera-

After welding, the specimen is given the ture of weld metal 2 by as much as 40C.
stress relief treatments desired by charging in STRAIN AGING STUDY-The results of the study
a preheated furnace and is cut transverse to of the effects of straining, aging and stress
the weld along a line 25 mm from the center of the relief are shown in tdle 2 and figure 4. As
keyhole, i.e., at the highly restrained end. The noted before, stress relief treatments alone have
section is polished and etched to reveal the size little effect, resulting in small decreases in
and location of cracks. This test can also be transition temperature. Plastic strain of 5",
used to reveal hydrogen induced cold cracking but with or without aging at 370C, produces a 32C
A710 is very resistant to this phenomenon. The increase in transition temperature. About half
height of the crack at the 25 mm location is used of this is recovered by stress relief treatments
as a measure of cracking potential. Tests show at 620C. The increase in transition temperature
that the crack is highest at the 25 mm location on straining similar to the 25C observed in most
and decreases toward the less restrained end. other microalloyed steels1 . The residual shift
Thus the 25 mm crack height is a good parameter after stress relief is reduced to about 15C. In
to characterize the cracking behavior, the light cf its initially good toughness, strain

Welding in this part of the study was done aging must be considered a minor effect for this
using an AWS E11O T5-K4 flux cored electrode. steel.
with C02 shielding at a heat input of 2 KJ/mm. WELDING HEAT AFFECTED ZONE STUDY-Weld heat
This electrode overmatched plate strength and affected zones in the A710 material studied here
increased cracking potential. To study weld have a clear tendency tj lower toughness than
metal strength effects, weld matching one of the origioal plate, as is evident from the data
the test conditions was Ilso made at the same of table 3 and figure 5. An upward shift in
heat input with the shielded metal arc process and transition temperature is evident even at low
a lower strength E8018-Cl electrode. heat inputs, where it might be expected to be

METALLOGRAPHY-Light microscopy was used to minimal, and increases with increasing heat in-
examine all of the stress relief cracking samples put. The minimum transition temperature shift
for determination of crack height. Many of the observed in as-welded material is 67C and the
heat affected zone samples were examined by light maximum is 112C. These shifts are substantial,
and scanning electron microscopy for microstruc- exceeding those observed in other microalloyed
ture identification. steels, where they were typically no more than

30 to 40C and often much less I .
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To provide a comparison to this work, table a recovery process after 2 hours at 620C, but
4 is a listing of weldment data taken from the new grain boundaries resulting in a finer struc-
open literature and private sources for both ture appear after 10 hours. These observations
A710 Grade 1, Classes 2 and 3 and HSLA-80, a do not include TEM studies of precipitate beha-
version of this material of interest to the vior and thus must be considered incomplete.
U. S. Navy. The A710 studies listed on table 4 STRESS RELIEF CRACKING STUDIES-The results
show a similar, but smaller, shift in HAZ of stress relief cracking tests using the modi-
transition temperature on welding. They also fied Lehigh restraint specimen are listed in
appear to show a dependance of the transition table 6 and shown in figure 7. The potential for
temperature on heat input, as noted in the reheat cracking in this steel has been reported
current work, and on plate thickness. These previously 9 and this work confirms the effect.
points are illustrated in figure 6 where the The temperature range of cracking extends from
extent of the shift decreases with increasing about 500C to over 600C and can occur for times
plate thickness and increases with increasing as short as 15 minutes. Some of the cracking
heat input. The studies on HSLA-80 listed in reported for the higher temperature treatments
table 4 do not show such a dependence. The may have occurred during heating of the specimen
shifts, which range from 11C to 44C, appear to the temperature of the heat treatment furnace.
definite but fairly random, averaging about Complete cracking in the test corresponds to
28C. crack heights of about 2.5 mm and thus some of

If the transition temperature shifts are the cracks reported here are substantial.
a direct result of the effect of welding heat A large number of stress relief or reheat
on the base metal, a dependence on heat input cracking tests were performed at Lehigh Univer-
might be expected. Indeed, a study of simula- sity in the 1960's on low alloy quenched and
ted heat affected zones in HSLA-80 has shown tempered steels using a similar specimen10.
just such an effect and the data from the study In comparinq the results seen in figure 7 with
are listed in table 5. Transition temperature the previous work, the A710 appears to be
shifts observed ranged from 50C to 114C for neither the least nor most sensitive material
heat inputs of I to 4 KJ1/mm, about the range in Lehigh has tested. It is more sensitive to
the current work. The authors of the study cracking than A517J steel for which little
attributed these shifts to a change in micro- cracking was reported in service but less than
structure with increased heat input from fine A517F, which was reported to have a high cracking
packet martensite to coarse bainite. These sensitivity. Potential for reheat cracking was
observations were supported with microhardness found to exist in a number of low alloy steels,
measurements. especially those with precipitation processes

In the current work, a coarsening in micro- occurring in their weld heat affected zones
structure was observed with increasing heat in- during post weld heat treatment. For most of
put but hardness changed little and in all the steels, post weld heat treatment could still
cases corresponded with the range for higher be applied successfully if proper attention was
heat input welds in the HSLA-80 study, about given to control of weld discontinuities. For
250 VHN. In the low heat input heat affected the more sensitive steels, it was recommended
zones in the A710 work reported here, the that they should be used in the as-welded condi-
structure appeared to be acicular ferrite. In tion, with post weld heat treatment to be applied
the higher heat input welds, the structure was only after careful coisideration of all the
bainite. Grain size increases in the heat factors involved. Since A710 steel relied on
affected zone alone can account for some of the precipitation processes for most of its strength,
transition temperature increases, but changes in it is perhaps not surprising that it is also
fine structure unit sizes, reported in the HSLA- susceptible to reheat cracking.
80 work, must also play a role. This is a sub-
ject of continuing study at Lehigh University. EVALUATION AND SUMMARY

The effects of post weld heat treatment on
the toughness of the weld heat affected zones are The studies performed on A710 Grade A
also shown in table 3 and figure 5. Post weld Class 3 steel show it to be a material of high
heat treatment at 620C for 10 hours results in a strength and very high toughness. Fabrication
modest benefit in toughness in two out of three operations, both straining (with or without
conditions studied but short time treatments aging) and welding (with or without post weld
increase transition temperature. This mixed heat treatment), will result in an upward shift
effect has beep qbserved in some other micro- in transition temperature. This will be small
alloyed steels' ,6 and is undoubtedly a result after straining and aging, but can be substantial
of coarsening and precipitation processes that after welding. However, the increase in transi-
occur during the post weld heat treatment. tion temperature on welding must be placed in

Preliminary microstructure studies on the the context of the use of the steel. With an
A710 heat affected zone samples show that the initial transition temperature of -145C, an
microstructure coarsens by what appears to be increase of 110C in the heat affected zone from
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high heat input welding, 5.3 KJ/mm, still results 4. Shinohe, N., et al, "Long lime Stress Relief
in a transition temperature of -33C. For most Effects in ASTM A737 Grade B and Grad .
structural applications, this is well below Microalloyed Steel" WRC Bulletin No. 322,
what would be required. Moreover, it is also April 1987.
well below that of the relatively tough weld 5. Robino, C. V., et al, "The Fracture Be-
metal from the same weldment, which was -18C. havior of A588 Grade A and A572 Grade 50

Lower heat input welding, for example Weldments", WRC Bulletin No. 330, January
2 KJ/mm, results in heat affected zone transi- 1988.
tion temperatures close to -60C, a level 6. Pense, A. W., "Mechanical Property
superior to most other structural materials at Characterization of A588 Steel Plates and
this or any strength level. Welding at 4 KJ/mm, Weldments", WRC Bulletin No. 332, April 1988.
a common industry practice, results in a heat 7. McGrath, J. T., et al, "Microstructure and
affected zone transition temperature of -55C, Property Relationships in the HAZ of HSLA-
which is still a very satisfactory level. Thus 80 Steel", IIW Doc. IX-517-88, Canada
the loss in transition temperature on welding, Centre for Mineral and Energy Technology.
while substantial, may not be so significant. February, 1988.

The effects of post weld heat treatment 8. Konkol, P. J., "Effect of Long-Time Postweld
on the A710 studied here suggest that the mate- Heat Treatment on the Properties of
rial can best be used in the as-welded condition. Constructional-Steel Weldments" WRC Bulletin
Post weld heat treatment must be applied for No. 330, January 1988.
relatively long times to have any beneficial 9. Lundin, C. D., and Menon, R., "Postweld
effects on heat affected zone toughness, and Heat Treatment Cracking in HSLA Steels",
even then, improvement is modest. In addition, AWS 87th Annual Meeting, Chicago, II., March
potential for stress relief cracking exists, 1987.
and this may preclude weld heat treatment for 10. de Barbadillo, J. J., et al, "The Creep
joints whose design might promote cracking, such Rupture Properties of Pressure Vessel
as those incorporating partial penetration welds. Steels - Part II", The Weldinq Journal,
Because of the high toughness of the steel, V45, No. 7, July 1966.
its low tendency for hydrogen induced cold
cracking and its moderate heat affected zone LIST OF TABLES
hardness at normal heat inputs, many of the
reasons for post weld heat treatment are obvia- 1. Composition and Mechanical Properties of the
ted. Thus post weld heat treatment may not be A710 Grade A Class 3 Plate and Weld Metals Used
necessary in most cases and is not desirable In Weldment Study.
from the metallurgical viewpoint. 2. Results of Strain Aging Study on A710

Grade A Class 3 Plate.
ACKNOWLEDGEMENT 3. Summarize Charpy Impact Test Results for

Heat Affected Zone and Weld Metal Studies on
The authors would like to acknowledge the A710 Grade A Class 3 Weldments.

technical and financial support of the Pressure 4. Shifts in Transition Temperature Between
Vessel Research Committee and the Lehigh NSF Plate and Heat Affected Zone for As-Welded A710
Center for Advanced Technology for Large Grade A and HSLA-80 Steels.
Structural Systems for this work. The continued 5. Shifts in Simulated Heat Affected Zone
interest and personal involvement of the members Transition Temperature for Various Heat Inputs
of the Thermal and Mechanical Effects Sub- in HSLA-80 Steel.
committee of the Materials and Fabrication 6. Results of Stress Relief Cracking Tests
Division of PVRC has been a great encouragement Using the Modified Lehigh Restraint Specimen on
and continuing resource to Lehigh University A710 Grade A Class 3 Plate.
in this investigation.

LIST OF FIGUPES

REFERENCES 1. Specimen Configuration used in the Strain
Aging Study.

1. Herman, W. A., et al, "The Strain Aging 2. Weldment Configuration and Specimen Location
Behavior of Microalloyed Steels", WRC for the Heat Affected Zone Study.
Bulletin No. 322, April 1987. 3. Modified Lehigh Restraint Specimen For

2. Aadland, J. A., et al, "The Fracture Stress Relief Cracking Tests.
Behavior of ASTM A737 Grade B and Grade C 4. Results of Strain Aging Tests on A710 Grade A
Microalloyed Pressure Vessel Steels", Class 3 Plate.
WRC Bulletin No. 322, April 1987. 5. Results of the Heat Affected Zone Tests on

3. Aurrecoechea, J. C., et al, "The Fracture A710 Grade A Class 3 Weldments.
Behavior of ASTM A737 Grade B and Grade C 6. Literature Data on the Effect Heat Input
Microalloyed Steel Weldments", WRC Bulletin and Plate Thickness on Heat Affected Zone
No..322, April 1987.

281



Toughness in A710 Weldments.
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Table 1. Composition and Mechanical Properties of the A710 Grade A
Class 3 Plate and Weld Metals Used in the Weldment Study

A. Chemical Composition (Wt %)

Material C Mn P S Si Ni Cr Mo Cu Al V Nb

A170 Plate .05 .53 .008 .003 .24 .98 .72 .21 1.13 .027 .008
Weld Metal 1 .07 1.45 - - .48 - - - -
Weld Metal 2 .06 1.13 .006 .011 .37 1.78 .03 .02 .02 - .02

B Mechanical Properties

Material and Yield Tensile Elong. Red. of 47 J Trans.
Heat Treatment Str., MPa Str., MPa % Area % Temp, C

A710 Plate 602 673 29.9 78.3 -145
SR 2hr 620C 573 640 29.9 79.4 -147
SR 10hr 620C 542 610 30.0 78.5 -148

(ASTM Spec. 515 585 20 - -

Weld Metal 11 535 615 26 - +8
SR 8h.- 620C 515 609 26 -

Weld Metal 2 595 665 23 - -58

1. As welded, flux cored electrode, AWS 5.20 E70 TI, typical
composition and properties. Transition temperature measured as
welded at 2 KJ/mm.

2. As welded, flux cored electrode, AWS 5.29 E91 TI-K2, typical
properties. Transition temperature measured as welded at 1.8
KJ/mm

Table 2. Results of the Strain Aging Study on A710 Grade A
Class 3 Plate

Condition 473 Transition Shift in Transition
Temperature, C Temperature, C

As received plate -145 -
Stress relieved 2hr 620C -147 -2
Stress relieved t0hr 620C -148 -3

Prestrained
As strained 5% -113 32
Strained and aged 10hr 370C -113 32

Strained, aged, stress relieved
Stress relieved 2hr 620C -131 14
Stress relieved 10hr 620C -127 18
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Table 3. Summarized Charpy Impact Test Results Foor Heat Affected

Zone and Weld Metal Studies on A710 Grade A Class 3

Weldments

Material Heat Input Post Weld Heat 47 J Trans. Shift in Trans

KJ/mm Treat. 620C, hr Temp., C Tempi, C

Base Plate none none -145 none

none 2 -147 -2

none 10 -148 -3

Heat Affected 1.8 none -78 67

Zone 1.8 2 -60 85

1.8 10 -97 48

2.0 none -78 67

2.0 2 -59 86
2.0 10 -75 70

4.0 none -55 90
4.02  none -55 90

5.3 none -33 112

5.3 10 -44 101

Weld Metal 1 2.0 none 8 -

Weld Metal 2 1.8 none -58 -

5.3 none -18 -

1. Shift from base metal without stress relief.

2. Test of SAW weld HAZ in same base plate
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Table 4. Shifts in Transition Temperature Between Plate and Heat
Affected Zone for As-Welded A710 grade A and HSLA-80
Steels.

Plate Type, Number Welding Heat input Shift in Transition
and Thickness, mm Process KJ/mm Temperature, C

A710 (1) 9.5 SAW 1.0 3
2.0 24
3.0 40

A710 (2) 19.1 FCAW 3.0 24

A710 (3) 19.1 SAW 2.0 27
3.0 26
4.9 85

A710 (4) 57.2 SMAW 1.8 16
1.8 11

A710 (5) 63.5 SAW 3.3 10
4.9 34

HSLA-80 (1) 15.8 SAW 1.3 27
SMAW 1.7 25
SMAW 3.3 26
SAW 3.9 25

HSLA-80 (2) 15.8 GMAW 2.0 11

HSLA-80 (3) 19.1 SAW 1.2 42
FCAW 1.2 29
SMAW 1.8 44
SMAW 3.9 26

Table 5. Shifts in Simulated Heat Affected Zone Transition
Temperature for Various Heat Inputs in HSLA Steel

1

Simulated Heat Cooling Time Hardness Shift 2 in Trarsition
input, KJ/mm TB0O_ 500 , S DPH Temperature, C

1 5 316 -

2 11 288 50
3 25 275 87
4 45 247 114

1. From reference 7

2. Basis for comparison is 1 KJ/mm heat input samples. Plate
thickness not specified but estimated from cooling rates to be
about 25 mm
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Table 6. Results of Stress Relief Cracking Tests Using the
Modified Lehigh Restraint Specimen on A710 Grade A
Class 3 Plate

Post Weld Heat Treatment Conditions Total Crack Height
Temperature, C Duration, hr mm

482 2 0.10

510 2 0.00
IC 1.02

537 2 0.51

565 2 0.00

593 2 0.00
10 0.20

607 0.25 0.76
2 0.512

2 1.273

1. E11O T5-K4 flux cored filler metal used to overmatch the
strength of the plate for most welds.

2. Lower strength E8018-CI shielded metal arc electrode used.

3. Two cracks at weld root, one on each side.
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Fig. 3. Modified Lehigh Restraint Specimen for stress
relief cracking tests.
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STRUCTURE AND PROPERTIES OF ULCB PLATE
STEELS FOR HEAVY SECTION APPLICATIONS

C. I. Garcia, A. J. DeArdo
Basic Metals Processing Research Institute

Department of Materials Science and Engineering
University of Pittsburgh

Pittsburgh, Pennsylvania, USA

STRUCTURE AND PROPERTIES OF ULCB PLATE rely on carbon for strength, and also contain alloying elements
STEELS FOR HEAVY SECTION APPLICATIONS re-,. red for adequate hardenability. Both the HTS and the

HY steels exhibit base plate properties which are adequate for
by their intended purposes. However, the HY steels suffer from

poor weldability which is caused by both the high carbon
C.1. Garcia and A.J. DeArdo content and high carbon equivalent values. It is well known

that both the ove-all weldability and weldment toughness are
Basic Metals Processing Research Institute inversely related to the carbon equivalent value, especially at

Department of Materials Science and Engineering high carbon contents. For this reason the weldability of HY
Uniiersity of Pittsburgh steels has been and continues to be rather poor, Figure 1.

While the base plate properties are important when
ABSTRACT discussing the merits of a given plate steel, a potentially more

important consideration may be the toughness of the
Traditionally, steels used in heavy-section applications have heat-affected-zone (HAZ) in multi-pass welding operations.
been heat treated low-alloy steels. These normalized or Recent work has revealed the importance of HAZ composition
quenched and tempered steels derive their strengths from their and microstructure on HAZ toughness, especially at low
carbon contents. While carbon is a very efficient and cost- temperatures ( 2 ) . This study revealed the critical importance of
effective element for increasing strength in ferrite-pearlite or the amount and size of martensite-austenite islands on the
tempered martensitic structures, it is also, unfortunately, HAZ toughness, Figure 2. Hence, base plate steels which have
associated with poor notch toughness. Furthermore, it is well- high carbon and alloy contents have the potential for low
recognized that both the weldability and weldment properties IIAZ toughness.
become increasingly deteriorated with carbon content, Both Figures 1 and 2 suggest the critical importance of low
especially at high hardenability levels or carbon equivalent carbon contents in improving the weldability and weldment
values. It is this difficulty in welding these traditional steels toughness in base plates. In an effort to reduce the welding
which leads to high fabrication costs. A new family of steels costs and fabrication times, a series of new low-carbon steels
has recently been developed which can be used in the as-hot have been developed. These new steels rely on strengthening
rolled condition, and which contain very low carbon levels, mechanisms which are largely independent of carbon content,
These new steels are the ultra-low carbon bainitic (ULCB) unlike the older Ieat treated ferrite-pearlite or martensitic
steels, and they derive their strength from dislocation and plate steels. At the present time there are two versions of
solid solution hardening. The ULCB steels exhibit excellent these new low carbon steels available. One family is known as
low temperature toughness which is a result of good austenite HSLA-90 or - 100 which is a cupper precipitation strengthened
conditioning during hot rolling. The weldability and weld- steel. The second family is the ultra-low carbon bainitic
ment properties of the ULCB steels are expected to be very (ULCB) steel. The ULCB steels derive their strengths from
good because of their low carbon content. The ULCB steels dislocation substructure and solid solution strengthening.
have been developed as candidates to possibly replace the HTS The present study summarizes a portion of the results of
and HY steels currently used in U.S. Navy ship and submarine a research program being conducted at the Basic Metals
construction. This paper reviews the influence of composition Processing Research Institute of the University of Pittsburgh
on the Bs temperature and yield strength, and the influence on the development of ULCB steels for ship and submarine
of austenite conditioning on resistance to fracture, construction. This paper will discuss the influences of

austenite conditioning and alloy composition on base plate
properties of 25 mm (I in) thick hot rolled plates.

FOR SEVERAL DECADES, two types of plate steels were
available to the U.S. Navy for ship construction: The HTS EXPERIMENTAL PROCEDURE
steels and the HY steels( ). The HTS steels are ferrite-pearlite
steels of moderate strength (350 MPa) whereas the HY steels The chemical composition (in wt%) of the steels used in
are used in the tempered martensite condition and exhibit high this study is shown in Table I. Steels Nos. I, 2 and 3 were
strength (560 MPa and 690 MPa). The HTS steels are C-Mn vacuum melted, the other steels shown in Table I were air
steels which rely on carbon for strength. The IIY steels also
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induction melted. The ingot weight and size was 225 Kg (500 reheating to 950'C is shown in Figure 5a. After the con-
lbs) and 200 mm x 200 mm x 675 mm (8 in x 8 in x 27 in), trolled rolling finishing passes (s,.hedule 3C), a uniform
respectively, pancaked austenite microstructure results, Fig. 5b. By

MATERIALS PROCESSING - To evaluate the influence comparison, Fig. 5c shows the final austenite microstructure
of reheating temperature and thermomechanical processing in the Ti-bearing steel. The heterogeneous final austenite
on the microstructural conditioning of the austenite, steels I, microstructure exhibited in Fig. 5c is caused by the
2, 3 and 4 were subjected to the thermomechanical treatment non-uniform microstructure which resulted from the initial
illustrated in Figure 3. For all the steels used in this study, reheating at 1250"C in this steel, Fig. 4a.
the amount of deformation during roughing and final rolling Figures 4 and 5 illustrate an important principle which is
was maintained constant such that the final plate thickness was central to attaining proper TMP; neither roughing nor finish-
always the same, 25 mm (I in). ing rolling can eliminate heterogeneities in grain sizes which

The other steels (5, 6 and 7) were processed using optimum originate in the initial as-reheated austenite microstructure.
controlled-rolling practices such as the one illustrated in It is well-recognized in ferrite-pearlite steels that the final,
Figure 3c. transformed microstructure is a reflection of final, rolled

The effect of tempering treatments on the mechanical austenite microstructure and heterogeneities in the microstruc-
properties of the as-hot rolled ULCB steels was also inves- ture of the final rolled austenite will cause similar non-uni-
tigated. The steel samples were tempered for one hour in the formities in the final transformed microstructure. The
temperature range of 500-675"C (1022-1247"F) and then air presence of mixed grain sizes in ferrite-pearlite steels has
cooled to room temperature. been shown to be responsible for a deterioration in resistance

MECHANICAL PROPERTIES - The mechanical proper- to low temperature brittle fracturet 3 ). In bainitic steels, the
ties of ql11 the steels in both the as-hot rolled and tempered resistance to brittle fracture is controlled to a large extent by
conditions were determined using standard procedures. The the size, shape and uniformity of the final, rolled austenite
tensile properties were determined in sub-size flat tensile microstructure. Good resistance to low temperature toughness
specimens with a 25.4 mm (I in) gage length. The specimens is promoted by the presence of a uniform distribution of fine
were cut transverse to the rolling direction. In addition, austenite grains. This relationship will be discussed below.
impact properties were obtained from full size Charpy INFLUENCE OF COMPOSITION ON STRENGTH - The
V-notch specimens. The notch of the specimens was perpen- tensile properties of steels No. I through 7 are shown in Table
dicular to the rolling plane (T-L orientation). 1I. The results indicate that the strength of ULCB steels can

MICROSTRUCTURAL PARAMETERS - The overall be controlled and optimized by a careful control of the
microstructure of the steels after both reheating and thermo- composition. That is, tl.e steel composition controls the Bs
mechanical processing was evaluated using standard metallo- temperature which in turn controls the strength of ULCB
lographic procedures. In addition, the stereological parameters steels. The relationship between the measured strength and
of the non-metallic inclusions present in the steels were the measured Bs temperature is illustrated in Figure 6. Figure
determined using a computer controlled Bioquant System IV 6, shows a linear relationship between the measured strength
image analyzer. and the measured Bs temperature. A comparison of the

results obtained in the present investigation (Figure 6) with
RESULTS AND DISCUSSION the data from PickeringF14 and Coldren(5 ) is shown in Figure

7. In addition, in this figure are shown tensile strength values
All of the steels used in this study were designed to calculated using Pickering's equation( 3 ) for some of the steels

achieve a fully bainitic structure in the as-hot rolled condition used in this study. A comparison of the results between the
in 25 mm (I in.) thick plates. As expected, the reheating measured and calculated strength values of the ULCB steels
temperature and thermomechanical treatment used have a shows a large difference in strength for a given Bs tempera-
strong influence on the final microstructure and consequently ture. There are two possible explanations for the large
on the final properties for a given steel composition. difference observed. First, the Bs temperature used in the

EFFECT OF REHEATING TEMPERATURE - The effect Pickering study corresponded to the temperature at 50%
of reheating temperature on the austenite grain size is il- transformation whereas the Bs used in the present study
lustrated in Figure 4. This figure shows the typical micro- corresponded to the 15% transformation temperature. Second,
structural response of as-cast ULCB steels with Ti (steel I) the carbon content used in the Pickering study was near 0.1%,
and without Ti additions (steel 2) after reheating at 1150"C or approximately 5 times higher than that used in the present
and 1250'C for I hour. A comparison of the optical micro- study.
graphs shown in Figure 4 reveals that the average grain size of In Figure 7 is also shown a comparison of the results
the Ti-bearing steels is finer than the average grain size in the obtained by Coldren et. al. ( 4 ) and the results of the present
steels without Ti additions for a given reheating temperature. study. The Bs temperature used in both experiments was
For example, the average austenite grain size in the Ti-bearing defined at 15% transformation. It is clear that the two studies
steel was 30 um after reheating at 1150"C and 33 pm after have observed different temperature dependences of the yield
reheating at 1250*C, whereas the Ti-free steel showed grain strength. For example, Coldren et. al. found that the Y.S.
sizes of 35 and 220 1m at the same temperatures. However, increased by 1.89 MPa/*C whereas the present study found an
a close examination of the grain size distribution of the ULCB increase of 3.39 MPa/*C. The difference in behavior ob-
steel with Ti additions shows a non-uniform distribution (see served in the two studies is most likely caused by differences
Figs. 4a and 4b). In the case of the ULCB steel without Ti in the way in which the Bs temperatures were varied. In the
additions, the giain siLe distribution was large but uniform at Coldren et. al. study, the Bs temperature was varied principal-
the high reheating temperatures (i.e. 1250"C), see Figure 4d. ly by altering the cooling rate. In the present study, the
The importance of having a uniform grain size distribution changes in Bs temperatures were obtained through variations
prior to thermomechanical processing (TMP) is essential, since in steel composition, hence, the larger increases in strength
the proper response of austenite to TMP is strongly related to observed in the ULCB steels for a given Bs temperature are
the uniformity of the as-reheated grain size prior to roughing, most likely due to solid solution effects.
The influence of the metallurgical condition of the as-reheat- In summary, it has been shown that bainitic steels can
ed structure to thermomechanical processing (e.g. Figure 3c) exhibit yield strengths in the range of 700-900 MPa ( 100- 130
is illustrated in Figure 5. ksi) in 25 mm (I in) thick hot rolled plates. Since the strength

The microstructure of the austenite in the Ti-free steel of these steels varies with the Bs temperature, the strength
(steel 2) after reheating to 1250"C, rough rolling and then
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observed in these steel can be simply related to their composi- cleanliness and austenite grain size on the USE and the FATT
tion. is shown in Table V for steels 1, 4 and 7.

INFLUENCE OF MO AND Ii ON YIELD STRENGTH -
The effect of increasing Mo additions to ULCB steels is EFFECT OF TEMPERING TEMPERATURE ON
illustrated in Table Ill. As expected, the yield and tensile STRENGTH AND TOUGHNESS
strength increased with higher Mo contents. From the results
shown in Table Ill, it is important to notice that the combined As hot rolled plates are often tempered or aged after
effect of Mo and B appears to affect only the yield strength rolling. For example, tempering may be intentionally used to
of the steels. The ultimate tensile strength does not seem to be improve the base plate properties of a given steel. On the
markedly affected by the presence or absence of B. The other hand, tempering may be unintentional, e.g. during the
correlation between the yield and tensile strength behavior stress-relief annealing of weldments. In either event, it is
observed in the ULCB steels with the presence or absence of important to know how the base plates will respond to
B for a given Mo content is shown in Figure 8. This figure tempering.
also shows the excellent linear relationship between the The behavior of as-rolled ULCB steels to aging treatments
measured Bs temperature and the measured strength of the is presented in Figure 10. The results from this figure show
steels, that ULCB steels have basically a two stage response to

INFLUENCE OF THERMOMECHANICAL PROCESS- tempering treatments. In the first stage, the ULCB steels
ING ON THE NOTCH TOUGHNESS OF ULCB STEELS - appear to be fairly insensitive to tempering treatment when
It is well known that the strength of bainitic steels varies tempered below about 5500C. The second stage results in
inversely with the 3s temperature. Furthermore, the Bs overall softening. During low temperature tempering, the yield
temperature is also known to vary linearly with composition, strength increases slightly with higher temperature. However,
However, in most of the early work published in the litera- the overall strength level in this stage is controlled by the Mo
ture, the parent phase was in the fully recrystallized condition content. During the softening stage of tempering, the strength
prior to transformation. This resulted in an inverse relation- does not appear to be strongly influenced by the Mo level.
ship between strength and resistance to brittle fracture( 6

). Furthermore, the transition between the two stages of temper-
The results of the present study have shown that austenite ing appears to be inversely related to the Mo content. For
conditioning can have a dramatic effect on the Bs temperature example, the transition for steel 6 (3.05 Mo) is near 550*C
and, therefore, also on strength, Table IV. However, the whereas it is near 580"C for steel 4 (1.76 Mo). The behavior
major influence of austenite conditioning was in improving shown in Figure 10 is indicative of complex strengthening
the resistance to brittle fracture. The impact toughness mechanisms involving dislocation, precipitation and solid
behavior of ULCB steels is shown in Figure 9. The results solution hardening.
from this figure clearly show the excellent combination of The major contribution of the tempering treatments was
strength and toughness exhibited by the ULCB steels in the in the impact toughness behavior of ULCB steels. Figure I I
as-hot rolled condition. The steels shown in Figure 9 sur- clearly shows the beneficial effect of tempering on the impact
passed the impact energy of 47 Joules (35 ft-lbs) at -85°C toughness of the steels. The results from Figure I I illustrate
(- 120°F) that is required by the U.S. Navy for ship construc- that tempering not only increases the USE of the steel but also
tion applications, simultaneously increases the resistance to brittle fracture. The

The beneficial effects of a well designed and processed significant gain in impact toughness is realized without a
steel in terms of the overall package of mechanical properties decrease in strength due to tempering treatments. The above
are shown in Table V. This table shows the effects of behavior can be explained in terms of two concomitant and
austenite conditioning (i.e. S, the effective interfacial area offsetting events that take place during tempering. That is,
per unit volume), the total projected inclusion length per unit the loss in strength due to dislocation annihilation and
area (Eb) and yield strength on the fracture appearance transi- rearrangement is most likely balanced by the increase in
tion temperature (FATT 0 g ) and on the upper-shelf energy strength due to the precipitation reactions. The increase in
(USE) of the ULCB steelfs investigated in this program. The impact toughness is due to subgrain formation and elimination
effectiveness of austenite conditioning is usually described by of stresses introduced during the bainitic transformation
the parameter Sv 7)

, which encompasses internal surface/volu- reaction.
me effects originating from grain boundaries, deformation
bands and incoherent twins. The S shown in Table V has CONCLUSIONS
been calculated from the equivalent grain diameter D-y and
includes only contributions from grain boundaries. In general, I. The strength of as-rolled ultra-low carbon bainitic
well conditioned austenite is described by Sv values in excess steels can be controlled by the proper combination of
of about 150 mm' 1 . alloy design and thermomechanical processing. The

As expected, the results shown in Table V clearly indicate strength is controlled by the Bs temperature.
that the overall package of properties exhibited by bainitic 2. The strength of steels with a high Bs temperature is
steels can be dramatically improved by proper austenite strongly sensitive to austenite conditioning, whereas
conditioning. For example, a comparison between steels I and the strength of steels with a low Bs temperature is less
4 with similar yield strength, reveals that steel I which has an dependent on processing conditions.
average austenite grain size of 87.3 pm had a FATT0% of 0*C, 3. The excellent impact toughness properties of the
whereas steel 4 with an austenite grain size of 33.2 pm had a as-rolled ULCB steels were attained through proper
FATT50 of -68"C. This represents an improvement of -68°C microstructural refinement of the parent phase
in low temperature impact toughness due to the microstruc- austenite.
tural refinement of austenite. 4. Tempering of the as-rolled ULCB steels produces an

Another microstructural feature which is known to additional increase in the impact toughness of the
influence both ductile and brittle fracture is the non-metallic steels, without a significant decrease in strength.
inclusions or steel cleanliness. In general, the resistance to
both ductile and brittle fracture is improved with increased ACKNOWLEDGMENTS
steel cleanliness. The cleanliness of a given steel can be
assessed in several ways, including the parameter Eb, or total The authors wish to thank Molycorp Incotporated a
pr,%;?'cd lengtht 8). A good assessment of the influences of subsidiary of Unocal for providing the support for this study.
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TABLE I, COMPOSITION (WT%) OF STEELS INVESTIGATED

# STEEL C Mn P S Cr Ni Mo Nb N Ti B

1 .021 .94 .005 .004 -- 1.41 1.49 .052 .006 .016 .001

2 .017 1.01 .006 .004 -- 3.15 3.02 .055 .001 .013 .0011

3 .018 .51 .002 .003 -- 3.05 1.53 .053 .006 .020 .002

4 .024 .95 .002 .002 .48 3.54 1.76 .050 .009 --.

5 .026 .92 .003 .003 .42 3.58 2.59 .053 .008 .. ..

6 .027 .95 .008 .002 .45 3.63 3.05 .055 .007 .. ..

7 .026 1.01 .007 .002 .49 3.58 1.70 .052 .006 .. ..

TABLE II, TENSILE PROPERTIES OF STEELS INVESTIGATED

# STEEL YS UTS ea)A
MPa(ksi) MPa(ski) %

1 750(109) 883(128) 18.3 63.2

2 945(137) 1073(156) 15.7 65.1

3 670(97) 807(117) 23 5 66.0

4 752(109) 924(134) 19.2 61.8

5 779(113) 972(141) 15.9 58.2

6 834(121) 1027(149) 16.0 61.3

7 745(108) 917(133) 18.3 67.4

(a) 25.4 mm (I in) gage length
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TABLE III, INFLUENCE OF Mo AND B ON TENSILE PROPERTIES

# STEEL YS UTS (a )  RA
MPa(ksi) MPa(ksi) %

1 750(109) 883(128) 18.3 63.2

2 903(131) 979(142) 16.0 60.7

5 800(116) 986(143) 16.1 55.6

6 834(121) 1027(149) 15.8 60.5

7 745(108) 917(133) 18.3 67.3

(a) 25.4 mm (1 in) gage length

TABLE IV, INFLUENCE OF AUSTENITE DEFORMATION BELOW RECRYSTALLIZATION
TEMPERATURE ON Bs TEMPERATURE

Bs Temperature (°C) at
Indicated Deformation

4 STEEL 0% 20% 50% Bs, 2w%)-Bs,, - Bs,.

1 590 608 614 18 24

4 540 553 552 13 12

5 504 497 493 -7 -1]

7 564 562 569 -2 5

TABLE V, COMPARISON OF QUANTITATIVE PARAMETERS OF AUSTENITE
GRAIN SIZE AND INCLUSIONS WITH MECHANICAL PROPERTIES OF STEELS
TESTED

STEEL YS Sv Zb USE FATT( 5 0 010
MPa(ksi) mm'!  Am/mm2  J(ft-lb) C

j 750(109) 69 1054 80(59) 0

2 945(137) 93 432 83(61) -15

3 690(100) 114 676 111(82) -50

4 752(109) 179 390 127(94) -68

5 800(116) 256 1416 81(60) -59

6 834(121) 209 339 115(85) -48

7 745(108) 221 243 153(113) -75
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Figure 5. Gptical micrographs of ULCB steels after reheat-

ing and final rolling: a) as-reheated a( 950*C

prior to final rolling (steel 4), b) uniform

Figure 4. Optical mnicrographs of as-cast UL.CB steels- a) Microstructure of well conditioned austenite, and

Ti-bearing steel reheated at 1 150TC, b) reheated C) microstructure of non-uniform austenite grains.

at 1 250T, c) without Ti, reheated at 11 50'

and d) reheated at 12501'.
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THE BEHAVIOR OF V-N HSLA STEEL
IN MANUFACTURE OF SPHERICAL

PRESSURE VESSEL

W. Y. Zhou, Z. 0. Lu, G. M. Cao
Chinese Society of Metals

Beijing, PR.China

ABSTRACT nium. The typical chemical. composition and me-
chanical properties are listed in table I and 2.Performance of IlnV steel after cold form-

ing, its weldabil ity and properties resulting In order to test the reliability of sphe-
n r t wedaityL and preties forrelieving rical pressure vessel made of 15MnVN steel, the
from heat treatment after welding r relie characteristics of the steel after cold forging
residual stress were comprehensively and syste- and its weldability, as well as the influences
maticaLly studied. Reliability of gas storing of heat treatment for relieving residual stress
spherical pressure vessel made of this steel

after welding on the performance of the welded
was analysed. The experimental result show up joints were researched by Central Research Ins-
the influences of the manufacture process during titute of Building and Construction of M.M.I.

cold forming, welding and heat treatment on me-
chanical properties and micro-structure of the 1. The Influence of Cold Forming on the Charac-
steel arid welded joints, as well as the degree teristics of 15MnVN Steel
of influence to which changes in properties
would give on tie manulacture of the spherical The cold forming process has been widely
vessel and safety in service. Methods to avoid applied in fabricating the shell of gas storing
embrittlement and to improve reliability for ap- spherical vessel. For various volumes of sphe-
plication are proposed by the authors. res, the diameters of sphere range from 4.6 to

12.3m. The cold forming process may cause plas-
The V-N ferrite high strength low alloy tic deformation in steel. G.M.CAO etc investi-

steel (15MnVN),which was developed in the 1970s, gated the influences of the cold forming and
with it'n s Ia 441MPa (45Kghf/mm2), Gb 592MPa strain aging on the characteristics of 15MnVN
(6OKg'f/,nm

2
) in the normalized condition, has steel. Because the value of the plastic defor-

been used in manufacture of gas storing spheri- mation rate (F_ ) varies with the radius of cur-
cal pressure vessel under a pressure of 2.94MPa vature and thickness of the shell it can there-
3OKg'f/cm

2
). Because of its higher strength fore be calculated using the following formula:

than the C-Mn series of steel commonly used in 'Ss R
our country, tire thickness of the vessel wall R= R(1- d)%
made of this steel plate can therefore be redu-
ced. According to designning calculation, the where, Rd- Original radius of curvature of
wall thickness oF a pherical vessel with dia- gravity center layer;
meter 9.2m may be reduced from 50mm to 

4
2mm. R - Designed radius;

Due to the reduce of the wall thickness, 16% of s - Thickness of plate.
material may be saved and the productivity raised None of the values of so calculated for
greatly. The 15MnVN steel has a better ducti- a sphere of 4.6-12.3m in diameter, made of plate

i lity and toughness, and the brittleness trans- 2
4
-5Omm in thickness exceeded 1.1%, but in fact,

formation temperature is lower. In a large num- the distribution of the actual deformation rates$ ber of tests on the properties of the steel, (6) in differeat locations of the plate are he-
weldability and low temperature simulative ex- terogeneous during the cold forming of the sphe-
plosion, it was shown that the 15tlnVN steel can re shell. Th2 degree of heterogeneity changes
satisfy the service requirements on the gas stor- depending on the method of forming and dimen-

ing spherical pressure vessel, but the yield sions of the sphere section. According to the
stress and impact toughness of this steel were authors' practical measurements of 6 on equato-
lowered during the manufacture of the sphere rial zone on the sphere of 9.2m diareter in 44mm
shell due to the cold forging formation. On plate thickness deformed by cold forming,a maxi-
weloing, a marked tendency to cold cracking ap- mum deformation rate of 1.1% was demonstrated at
pered for the higher carbon equivalent. If a the external surface of the shell, much higher

greai. heat in-put was applied, the coarse grain- than the calculated value (0.7%), and its loca-
ed region in IIAZ would be more brittle. A slight Lion was at the central region of the external
brittleness occured near tire fusion line of surface along the long side direction. But a
welds when relieving residual stress after weld- minimum deformation rate was found to be only
ing. 0.15% at the edge of the external surface of the

I5MnVN steel is a C-Mn type high strength shell along the short side direction. It can be
low alloy fine grained steel, it is strengthed seen that the distribution law of deformation
and fine grained by the precipitation of such rates at external surface of sphere shell (as
alloying elements as nitrogen, vanadium, alumi- shown in Fig.l) would be: the most heaviily de-
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formed at the center and becoming Less and less From the above experiments it can be seen
deformed towards the edge. The deformation on that the O's, Cv and NDT show remarkable decrease
the internal surface of sphere shell was all of when the deformation rate of sphere shell is in
a compressively strained nitiure except the cenL- the range of 0.5 -1.5%. Such decreases will
ral region showing a strain under tension. With then become less as the deformation rate increa-
ia d,-rmition distribution curve along the long sed continuously.

edge of the plate that showed a Low deformation The actually measured deformation rates on
rate at the center which gradually became higher the sphere shell 9.2 m in diameter and 44 mm in
when being farther away from it. On all cases, plate thickness were in the range of 0.1 - 1.1%,
the absolute value of deformation rate on inter- but would be so high as to be beyond this range
nil surtace was smaller than that on the external if the sphere diameter was smaller than 9.2 m.
and was determined as -0.75% max, The curve of Since it has been proved that cold deformation,
doormatiot rates measured and the polar tempera- especially when under compression within the
ture zone shows a distribution and type of detor- range of 0.1-1.5%, tends to lower the toughness
mation basicallv similar to those of the quato- and yield stress of the steel, it is therefore
riil zone with strain tinder tension at the exter- necessary to maintain a uniform distribution of
1i1 surface while strain under compression at L'ie deformation of the sphere shell during the cold
internal surface and tie absolute values of tie forming process so as to help minimize the maxi-

two t pes be i ng bis i cal Iy the sinne, e.g. fihe mum deformation rate of the spherical shell.
maxi iun 0.757, and lie niitiimuin 0.1 5,. Obviously The reasons about the embrittlement of steel
tite delormnation rate of a sphere shell in diame- by cold deformation is commonly considered as

ter of less tihan q.2m should be larger than that the result of increase in dislocation density by
of tile sphere iii Q.2n di;imeter. Ie sides the toea- deformation and aging,which has lowered down the
stired val Iue; an,; tiossiblv be larger than the level of energy to initiate and expand cracking.

(ailculitid ojni ; . t;i(1,d b% It is in,ilysis, the The plastic relax ability of metal elastic stress
sample with cotpressiv dteormaition rates of is decreased by aging in the case of the cracks
t. 5_ 1. . i.nd 2.75 were selected to tensile expansion.

tests and the samples wit hi tens i Ie deforiat ion
rites pt I"I, l', 5 to implct tests, drop weighl 2. The Tendency oi Cracking of l5MnVN Steel in
tests and agitig tests at 2)00 to fu I I. lfi addi- Welding
t ion, samples were taken by machining tfor impact The tendency of cracking in welding is
estsI frets both thle ittnal antd external -Urfa- usualy related directly to the alloyed elements

ce Iayers which hid been uttdergone tensilce u and their contents in steel, expressed as carbon

coipressive deforationi respect ively. Equivalent (Ceq %) and recently also as cracking
IIW test reslts ire shiownias tile Curves inl sensitive index number (Pcm %). The calculation

Fig.2. It indic ies that no obvious changes ire formula is given below:

setI ott -5, 1P, (Jb viItlies witbin tie tsted range Mi Ni+Cu Cr+lo+V
for compressive cold forming and that an inf- Ceq(%) (11W) = C + -

I uence of t he compress ive tie or;lat i el Otl s did Si MnoCu4Cr Ni Mo V
exist, When the compressive deformat ion rate Pcm(%) = C 5 20 + j- y + 

5B
increases, the O-s  value decreases gradually from

485ifta tn 3551P a a a poiit corresponldi ng to the According to the chemical composition design-
deformati on rate of -1.5%, a drop o1 277% . ed (see table 1), the Ceq(%) of l5MnVN steel is

v' verify the above test results, sattiples high (Ceqmay.=O.5
2
%), which can be assumed to

were i cfhin-taken frot tite to(tral region of itn- hove a strong tendency to cracking in welding. A
tornal surface at polar temperature zone of the highest hardness rest (Fig.6), Y-groove cracking

sphere sitel I. The results f rout t hose satilpIes restraint test (Fig.7) and inplant test (Fig.8)
shtnweid olbviotus dropping of kt I ronm 5tti)ai at the were conducted tC estimate tile cold cracking ten-
initiii condition to 441 MPa, a decrease biy 12%. dency of 15MnVN steel by the authors under the

For samples deformed hy tension and comipro- condition of constant hydrogen diffusion and con-
sSioil, t Iie decrease of impact toughness ;it roos stant heat input during welding. The test resul-
ItnIpCInture was more obvious when at tie defor- ts are listed in table 3.[2.31

sat ioi rtite of 1'4. (see Fig.3) and did not chaige From tie results of the highest hardness
mich is [ie deormat ion rate further increased. Lest in HAZ it is shown that the maximum hardness
OnI' after iti aging at 250

0
C for I I, did the of HIAZ Under the applied welding condition has

itcreis of tensileI or compressive doformation been 400(lfv) or so. Even if preheated to 175
0
C,

rate (atise a declining trend of impact toughness the hardness value of iIAZ can still be as high
(sci' Fig./i). ,s 382 Iv.

il i ii il lli(e otonsile or tottmpressive do- From tfie results of Y-groove cracking
format ion on itoie hardness is completely the same restaint tests, it can he seen Lhat the welding

is on impact toughness (see Fig.5). cracking rate of I5MnVN steel is high and Lhe
Ti'e results of drop weight- tests suggested preleating temperature should reach 175'C to

IhaI when the dlformation rate was 1%o in 36rm avoid the appearance of welding cracking."
4
"

tickriess of sph're sitll, t le tion-tougliness The results of inplant tests show that the
t rans it i ot t emp' rat ii r NI' was inc reased by 50 C 1 5InVN steel has a comparatively low critical

I rom t ht. or i g i t;I "1OC t.it Ihe iii t i a 1 s tal e, stress beyond which cracks would possibly occur.
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but this critical stress increases as the pre- separated in grain boundary. The above mentioned

heating temperature raises. If extra low-hydrogen martensite was of low-carbon and had fairly good

electrodes are applied in welding, it's critical toughness. As 0t8/5 increased, upper bainice be-

cracking stress, compared with the ordinary low gan to appear inside the grains while at the

hydrogen electrodes, could be raised from 294MPa boundaries was formed a net-shaped prior eutec-

to 44IMPa when t8/5 is equal to 6.5 sec at a told ferrite, accomparied by occurance of brittle

preheating temperature of 100
0
C. Another group phase of M-A texture. in this case, cracks might

(3 and 7) of test data show that the critical readily be initiated on the interphase of the

cracking stress can be increased from 441MPa to prior eutectoid ferrite and M-A phase when sub-

578MPa when t8/5 is equal to 7.3-7.8 sec at a jected to external force. Further increase of

preheating temperature of 1500C. t8/5 brought about a coarsening of upper bainite

From the results of all the tests presented as well as M-A phase at the boundaries, leading

above, it has been demonstrated that the welding to easy fracture as a result of intergranular

cracking sensilivity ol the 15MnVN steel is high, cleavage fracture when atlected by thermal stress
it is therefore necessary to adopt Migh preheat- in welding. When AL8/5 was up to 30,, the upper

ing temperature such as 150_2oOV 4C to avoid bainite got so fully developed and M-A phase be-

welding cracking. It the ultralow-hydrogen ele- came so large in cross section as to cause cl2a-

ctrodes are applied, the resistance to cracking vage fracture to occur even at room temperature.

in welding will be better. Y. Zhang etc of Central Research Institute

of Building and Construction of M.M.I. performed

3. The CharacterisLics of Coarse Grained Zone in a series of simulated heating tests on 15MnVN

HAZ steel with 0.20% C at peak temperatures of 1350
0 C

Usually the toughness of the coarse grained and 1250
0
C for cooling time of 5s, 8.5 s , 12.5 s ,

zone in HAZ is rather low during the welding o 20s and 40, respectively and then carried out
tSIA steel, The zone is therefore a weak link impact tests at different temperatures and meta-

HSI sr~l Th zoe s terfor a ea lik lographical analysis, the results are shown in

of the joints. The 15MnVN steel, though strong- ig.10 and the photos.

Lhened through precipitation of alloying elements, Fig.lO and the photos.

being good at toughness and with a brittleness From the curves in Fig.10, it is shown that
hevalues of impact toughness and its changing

transition temperature lower than -80
0
C and a trd wen a ct are ar to thangist

non-toughness transit in temperature NDT between resut btn by52. ar, nmly, whe t8/t

-45°C and -60
0
C, exhibits remarkable embrittle- results obtained by Y. Tian, namely, when At8/5

mont in the heat affected transition zone when 45 s , impact toughness was at its maximum,corres-

great input of enerly is applied in welding, pending to a structure with martensite as matrix

i 5K inside the grains and side platelike bainite and
Y. Tian etC J (Qinghua University) have small amount of acicular ferrite spreading on itd e t e r m i n e d t h e i n f l u e n c e o f v ar i a n c e o f c o o l i n g ( e h t ) n t e c s f 1 / = . s h

time from temperature of 8OO°C to 5000( (At8/5) (see Photo 1). In tke case of ,¢t8/5=8.5s, the
onite toughnesseoftte ote using ao method o) metallographical structure was similar to that
on the toughness of the steel using a method of in the cas of 4t8/5=5 s but the impact toughness
simulated hearing cycle. The simulated specimens decreased sharply. When ot8/5=12.5 s . the impact
weretoughness remained about the same as whent/5=
0.18% carbon. Then the microstructure of over- 8.5 but therean ed granular a hnit8!5=

heat zone was subjected to a simulated heating w.5t otre appeared granular bainite mixing•o with martenisite and acicular ferrite with prior
to the peak temperature of 1350 C on ;leebe-15 O eutectoid ferrite existing at boundaries (see

apparatus at six differett cooling rates. The Photo 2). The structure corresponding to At8/5=

wt8/5 were 2., 6s, 18s, 30.s 4o, and 60s  res- 20, was similar to that for 12.5., merely except

pectively. Impact tests were performed at room that prior eutectoid ferrile hadnow been coarser

temperature and -40
0
C. The test results are shown and the while low tomperacre impact toughness

in Fig.9. remained unchanged, the room temperature impact

From Fig.9, it is demonstrated that only toughness was ;ncreased instead. Further until

the samples withAt8/5<25 had fairly high impact t/5=4Os, the prior eutectoid ferte got much

toughness, its impact energy being 51.3j (5.23 arser the otuoid f t t mccoarser and became continuous. At this time.
Kg.m) Once the t8/5 increased ( 6), the tou-

ghness would decrease so severely that the impact granular bainite and acicular ferrite constituted

energy even at room temperature was already below major part of a grain with only a little of fine

9.8j(lKg.t.m), and an obvious embrittlement ten- pearlite as the remainder. Some of the M-A phase

din the granular bainite had dissolved (see Photo
dacytouhn was show insthei-heatd z oe Te f 4) and hence the impact toughness at room tem-
pact toughness was only slightly improved as
At8/5 continued to increase. The reason of the perature was increased considerably. Obviously
ert8/ contenedtoncrcase. he reasdfron the dissolution of the M-A phase should be consider-

embrittlement tendency can be found (rein the ex-

mition on the microstructure of the over-heated ed to be a reason for the increase in impact tou-

zone by means of optical micro-scope and electron ghness. Wfuhin this cooling time of M/5, the

transmission (as shown in table 4). When 6t8/5<2, phenomenon of impact toughness increasing does

the specimens were under a rapid cooling condi- not fully conform to the test results by Y.Tian.

tion. Only plate -like martensite in the sole But under the condition of test at low tempera-

e ture, the changing trend of impact toughness vs
inrm appeared and no upper inite was separated At8/5 is in consistence with the curves shown in

inside the grains, nor was there a second phase Y.Tian's experiment. Reasons for the discrepan-
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cy between the two may be deenud as the differen- ped from a single heating process. In fact, when
ces in chemical composition of the steels they the impact specimen was machined from the HAZ of
used and in the conditions of cooling cycle app- a real joint, the fracture path from the apex of
lied in each own simulated heating tests. V-notch to the bottom of the specimen should co-

Although the impact toughness of the simu- ver both the single heated structure formed in
lativelv heated sanple fr-m the coarse grained zone the previous weld run and the heated structure
in tlAZ of 15 MnVN is low, what was seen on the formed in the subsequent weld run. So the micro-
actual welded joints was quite different from structure of the examined area through which the
this. Z.G.Lu etc)

7
1 (Central Research Institute fracture passed was not uniform. The toughness

of Building and Construction of M.M.I.) made wel- of single heated structure of the coarse grained
dling tes on specimens at a preheating tempera- zone in ttAZ of a real joint was higher than that
ture of 1650C using an in-put energy of 20-60 of the simulatively heated specimen and the hard-
Kj/cm. Impact test specimens were cut-taken from ness of the former, lower than that of the latter
within IAZ of the welded joints and subjected to because of that the next weld run had a tempering
impact test. The results of toughness obtained effect on the previous run. As a results granu-
were on the whole higher than those from simula- lar carbides were separated from low carbon mar-
ted thermal tests (see Fig.7). At different rates tensite and the toughness improved.
of coolint embrittlement transition temperature Further study on the real joints would reco-
(with 34 7/cm

2 
as the critical point) of the mmend that the double heated structure of the

coarse grained zone in HAZ was at its minimum over-heated zone in HAZ be devided into three
when 4t8/5 8.5s, and began to show an increase types. The first type of structure is one which
when at8/5 21s , then to be turning down after shows a coarsening effect of the original over-
at/5-=35 s (see Fig.8). This indicates that even heated structure because it had been over-heated
though the impact toughness of the coarse grain- for a second time at high temperature by the se-
ed zone in HAZ at the welded joint is higher cond weld run (Photo 7). The seccond type c17
than that from simulated thermal specimens, the structure is of equiaxial fine grained ferrite
changing tendancv of embrittlement transition and scattered sorbite (Photo 8) produced by a me-
temperature vs at8/5 is well in line with the derately high temperature in the second weld run.
simulated thermal test. In the third type of structure,the original gra-

Metallographic analysis on the coarse grain- nular bainite has dissolved by a lowly high tem-
ed zone in HAZ at the welded joints suggests that perature and the tempered martensite, acicular
when AtS/5-8.5s, the single heated structure of ferrite and the small amount of sorbite are all
over heated zone was substancially consisted of remained (Photo 9). Therefore the second and
platelike martensite as the matrix with acicular third types of structure exhibit higher tough-
ferrite (fist ributed oil it, both taking up 90 of ness and lower hardness than the first one. The
the entirety. Me,nwhile, the martensite had un- microstructure of the second heated zone in over
dergone self-tempered and carbides separated (see heated region in HAZ varies wildly with changes
Photo 4). It could obviously be concluded that in in-put energy and cooling rate. But general-
large amount of ferrite and sell-tempering of ly speaking, toughness of the second heated
martensite be the main reason for a lower embri- structure is higher than the primary one at the
ttlement-transition temperature. In the case of hardness of the former is lower than that of the
At8/5-21-26 s , heating would produced a structure latter. Thus in general, the impact energy of
of granular bainite mixed with acicular ferrite, over-heated zone in HAZ of a real joint involving
accounting for 80% totally and 17% occupied by the primary and the second heated structure is
granular bainite along (see Photo 5). It is higher than that of the simulatively single hea-
quite clearly that existance of granular bainite ted specimen.
in large amount constituted a major cause for Though the values of impact toughness test
the increase of embrittlement transition tempera- with simulatively heated specimen tend to be

ture. As for at8/5=3 5 ., very possibly due to the lower than that of the real joint, such a rese-
proportion of 17% taken up by the granular bai- arch method is quite simple and economic for
site shifting down to that of about 8%, the em- investigating the regularity of structure forma-
brittlement transition temperature dropped again tion and changes in properties of steel under the
with toughness improved. infuence of different heating cycles.

The regularity of slight improvement on tou-
ghness vs increasing of A t8/5 is in consistensy 4. The Influence of Heat-treatment after Welding
with the results of simulated thermal tests by on the Characteristics of HAZ
Y.Zhiang. The corresponding changes in the microstructureMany researchers at home and abroad have
by the granular martensite. And this again was presented the tendency of reheat cracking ini-
the cause for toughness to improve tiated in HAZ of welded joint on HSLA steel when

thecasefo theimacttoughness to im . heat-treatmented after welding (PWHT). It is ge-
Norall th imacttouhnes o corse nerally considered that the cracks would readly

grained zone in HAZ of the real joints is higher be intit dey thadenngcffecsthough re-

than that of simulatively heated specimens. Be-

cause the simulatively heated specimen was heated cipitation of carbides of alloying elements

at the peak temperature of 1350
0 C, its micro- during heat-treatment or by stress relaxing in

structure after cooling was a uniform one develo- lHAZ during the reheating process, namely by the
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creep embrittlement as a result of the decrease the theory of initiation of embrittlement along
in residual stress with the change of time.[8

]  
grain boundaries due to re-precipitation of tra-

It is a common view that Nb-B steel is suscep- ce impurity elements, has now been made !.eat
tible to reheat coacking while V-N steel is not. enough to serve as a main cause of re-heating
But it has been proved in practice that the tou- embrittlement for 15MnVN steel. All still need
ghness of HAZ at welded joints on l5MnVN steel to be investigated in more details.

decreased in stress relieving after welding. A
series of experiments were performed to investi- 5. Conclusions

gate the level of embrittlement for the steel.

J.L. Wang etc (Northeast Industrial College)car- From above mentioned results of the tests

ried out experiments using simulated heating me- by the authors, conclusions can be made is tol-

thod to evaluate the tendency for 15MnVN steel lows:

to be reheat embrittle. In their experiments, 6.1. The properties of I5NnVN Steel were

coarse grained structure was first made to appear apparently decreased after cold forming process.
The (If of these ieIihad fra in rt

the HAZ in welding on the specimens by imitating 10 specimen with a deformation rate

the heating-cooling cycle in welding process. of 1.5%, was reduced by 27%. The impact tough-

The simulated peak temperature was chosen 100
0
C ness at room temperature decreased by 21° and

below the maximum temperature in the HAZ in the 15.8% respectively when tensile and compressive

actual welding process, which means to be heated deformation rate was about 1%. The non-ductili-

to 1250
0
C, A time of 20 s for cooling from 800°C ty transition temperature (NDT) of plate in thi-

to 5000c (At8/5) was selected as the cooling ckness of 36mm with a deformation rate of 17 was

rate. These heating parameters corresponded to increased Itom -1t 0C in the original stite to

welding in-put energy of 24-28 Kj/cm. 250C.

Then impact specimens were machined from the These changes in mechanical properties are

simulatively heated specimens after being rehea- significant and the corresponding deformation

Led at five different temperatures of 520
0
C, 550 rates are within the range f -he measured va-

0 C, 580C, 610
0
C and 650

0
C. The results of the Iues of rthe deformation rates on tle sphere shell,

impact tests are shown in Fig.8. It is indicated still these can satisfy the requirements of app-

in Fig.8 that the impact toughness at various lication. It the forming process is further im-

heating temperatures were close to those of the proved to have the deformation rates distributed,

as welded specimens. Only one group of tests ore evenly, this will facilitate raising the

temperature of 00 C had apparently low values of safety in service.

toughness. The results of impact tests performed 6.2. Because of the high Ceq of 15MnVN steel,

by S.H. Hou[O] on HAZ of the actual welded the resistance to cracking in welding was poor,

joints specimens which had been undergone re-hea- the hardness value (liv) of HAZ maximum hardness

ting at the same temperature did demonstrate the tests was higher than 350. The Y-groove res-

existance of an embrittlement temperature range. traint cracking tests in room temperature showed

After annealing treatment of the actual welded a cracking rate of 1OO0. Therefore it is neces-

joints at different temperatures, the impact tou- sary to use high preheat temperature, say, 150-

ghness of HAZ decreased slightly with the in- 2W
0

oC adopt suitable welding process with welding

crease of annealing temperature from 520
0
C, but materials as appropriate, then the cold craks

the magnitude of decrease was small (shown in in welding can be avoided.

Fig.9). The regularity seen in the vickers hard- t. i. The impact toughness of over-heat zone

ness test was consistent to that of the impact in iAZ oi I5IMnVN steel was low. Not ottiv in si-

tests, that is. the hardness after annealing was mulativol hbated specimons bvi also in real

higher than as welded. In spite of this, the welding joints, the tioughness was ill decreased

results of tensile and bend tests showed that with the chtatc of 60/5 w hin da ce L, -..

the tensile strength of the joints was only 4-30 The separation of uper bailite, granular ba]nite

MP- lower than that of the as welded one and the and tle separation and coarsening oi the netv

results of bend test were all acceptable. prior uLtctoi d ferrite in ite microst ro-CLutrt

The single heated microstructure examination can be explain as the reason for embri llintt .

of HAZ in real welded joints shows that after With In it-pit ergy set at a St i v small

stress relief annealing ait embrittlement tempera- amoutil and a cool ing speed properl c-ott rol led,

ture, the M-A islands in granular bainite ]had tie impact toughness thait conformns to tite ,ippli-

been dissociated into ferrite and cement requirement can it oftained. The submer-

while the acicular ferrite and side platelik, ged arc wed ing having a great in-put eteorgv

ferrite remained in their original appearance. wold lower te totghnessin over-hen ze of

Generally speaking, the toughness of such struc- 1tAZ. This is a problem for 15MnVN steel, whiL it

ture should be improved. So only dissociat in may be solved by better design of composit ion.

of granular bainite and separation oh cementite 6.4. The over heated zone in HAZ of real

are not enough for being explained as the reason welded joint of the 15MnVN steel showed a ton-

for the reheat embrittlement. Neither the mecha- cy to eMt rt lemeut within a cerltain li ing of

nism of creep-relaxing which is currently thought temperature when heti teat ai f ter welding. Th

;s a resilt of hardening through precipitation of mbri It iumont I tlls i ition em t u l tho, , v,F

carbon-nitrides in the over heated zone drinig Ott zono wis inis- by I O 151 itl

annealing followed by intergranular sliding, noit
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anid so on). The yessnei canl be used at the tern-
pe rat urn of -40 0 C. Nowadays thet- I 5MInVN steel
has wide I V been Used inl he ManufactLure of spiun-.....

rICal preeI- VOnSS 0 0o r5) on I-Iog gas ill rsauiv
compinies such is Bfenxi, Mlarnshan, intl Baosiran
e tc.

Photo I Lt-8/5-5s 50OX

RHF REiN (ES

[1 1 .M!. Lal). W.fl. Li And I .1. Shang
Petroleum Enigineering Construct ion 13-b
11987)

[ 2]J W .W . Liinig L, a II
The Evaluit ion oif I 5>riuVN Steel Cnltlcracking Poo2 A85i.s SO
Sensit ivity by (ip~in Method, 19)83 .6Pht2 t:/1.5s 0O

[3 W.W. Chang et al..
lire Measured Data of Sens it ivit v of Weid ing
C:old cracking iii IISLA Steel , 1985.1(0
7, Z. l Iu , W.If . 1,i e t a I
lire Blasic WelIding Data Ha fndbook of I 5MiiVN
Steel, 1985.10

[5] Y. Tian, L.J. Zhuang and Z.G. ino
The Fift h Nat ional Symposium of China Weld-7
ing Society of CMES, (1986) 2-25

[6) Y. Zhang, R.Y. Hunang and] X.Y. Chen

The 5th Nat. Sym. of Chii. WetL. Soc. of CItES
(1986) 2-46

7] 7.Q. Lti, X.L. Qu arid Ii.Z. Yi n
The 5th Nat . Sym. of Ch i. We I. Soc. of CMES

198b) 2-47

t8 G.M. Xiao
The Toughness and Totughen of Meta , 1979.2 Photo u 3 t8/ S=40s 50OX

9] J.L. Wang, Q.S. Wang et ;I.PILS13Snl haelirsrcueo
The Simulated Heating investigation of Ifeat Poo - igehae irsrcueo
Treatment after Welding in l5MnVN Steel, coarse grained zone in IIAZ on

1986.5 simulated heating[6]

[101 S.1. ilot, R.N. Zhao arid L.G. Lin
The 5th Nat. Sym. of Chi. Wel. Soc. of CMES
(1986) 2-54

[11) K.T. Wang et at.

The Investigation on M'anufacture of Storing
Ga.s Sphere Pressure Vessel Made of I5MnVN
Steci, 1985.

306



Table I. Chemical Composition of 15MnVN Steel[
4 ]

Thickness Chemical Composition % 1
(mm) C Si Mn P S V N Ceq Pcm

Normal 0.12-0.23 0.20-0.60 1.30-1.70 0.045 0.05 0. 1-0.2  0.01-0.02
value

20 0.18 0.40 1.67 0.018 0.003 0.13 0.0215 0.48 0.3
TypicalIIII

36 0.20 0.37 1.61 0.017 0.032 0.19 0.016 0.51 0.3

50 0.16 0.40 1.43 0.018 0.009 0.14 0.02 0.43 0.5

Table 2. Mechanical lrnperties of l5MnVN Steel 
[4

Thickness Providod Us Bendin Cv [  J/cm 2Thiknss roidd Os rb 9r )].Mc

condition MPa MPa 18ng g (Ks __/O(mm) codiio (K'.f/rm
2
) (Kg. f/mm

2) % 20°C -40
0C

10 Rolled or j 441 588normalized (45) (60) 17 d=2a

Normal 11-25 Normalize 421.4 568.4 18
o) (58) 18

value 26-38 Ditto 411.6 548.8 17 d=3a 58 29.4
(421 (56) (6) (3)

40-50 Ditto 3Q2 529.2 17
(40) (54)

20 Dito 539 676.2 114.7

Typical - - (55) (69) (1i.7)

36455.7 617.4 100 69.6

value k146.5) k03.0) (10.2) (7.1)

50 D3t.2 588 27.0 acc. 224.4 -29.7

I " o (44) (60) I (22.9) (13.8)

Table 3. The Sensitivity Testing for Cold Cracking in Welding of 15MnVN Steel[2,3,4]

I .* .¢ 7*0*, *" * *

No. Electrode [tl] Input energy 6t8/5 TO * HvIO Cracking rate cr.
(ml/1oOg) (KJ/cm) (s) (°C) (W) (MPa)

Surface Section

LHydrogen 3.34 16-17 5 20 468 100 100 200.9

2 ..... 6.5 100 399 84 94 294

3 ..... 7.3 150 394 0 26 411

4 ..... 8 175 382 0 0 568.4

5 ...... 5 20 421.4

6 " " " 6.5 10 441

7 7.8 150 578

Notes: The diffusive hydrogen content of weld metal was measured by glycerine
method. The electrode was baked at 4001C for I h.
Preheat temperature.
Y-groove cracking restraint test.

The critical stress of inplant test.
The plate thickness of 36 mm was used.
The chemical composition of steel is as follows: C-0.19%, Mn-1.37%, Si-0.36%,
P-0.018%, V-0.22%, N-0.013% and S-0.026%.
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Table 4. The Structure and Properties of Smul 8txve

Overheated Zone in the Different At8/5LS]

Mark nt8/5 jAustenitic Width of H5VE(150C) Str ucture Case of grain Facture

(s) grain boundary H 5  J inside boundary form

diameter ferrite (Kg.m) grain

I ))(A3) ----_____ ________

C 2 90~ 0 445 51.3 Platelike No All through
(5.23) martensite separarion grain

t6.6 Platelike A little fine Through &
C2  6 92 0.7 427 M & tipper boundary along grain

I.n) bainite ferrite & M-A _______

S Upper B.& Not shaped Through &
C3  1 5 327 7.4 acicular boundary much along

3(0.79) territe fcrrite & M-Aj grain

Table 5. [he Tensile Strengthi after Annealing
at Different TemperatureAO]0

Anneali ng temperatuore Tensile strength Fracture locat ion
A
0

) (NPa)

As welded 577 Parent plate

520 562

550) 573

50 549

610 552

392o

ai. external surface b. internal surface

Fig.lI Dist r ibut ion of de formatLon aesmaurda sphere shell1 af ter cold forming~

(i76 /2r

5D8

Fig.2 The iflecofcmrsvedeformation samplJ

oproperties oftesamplei--Stanudresi;
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CV
(98)10

211
1 

\A

Fig.4 The influence of strain aging on impact -
- A

thoughness of the sampleLl] 20 30 40 s A 6-t5/
- Strain under tension;
--- Strain under compression.

Fig.9 ReiLuion between .Atg/5 and impact tough-

Hv ness in simulated hcacing " •

260,

2 01 t l.
20020

Ftg. Th" nt of '7

Fig.5 The in1luence tnsi le and compressive

deformation on Hardness of the sample[ Ii

Not Aged; --- Aged 5*. /25 10 3 '40 t 4/s
30c.

fl Fig.lQ) Relation betweennt8/5 andri ipact tough-
ness in simulated heating.L

6

L j)V5*M '4
I. 2o0- .L (1.96)20

Fig.b Specimen for highest hardness test in IAZ 16 f _/"

2/Z

Fig 7 Se~c o in i~it tstFig.11 Relatio-i between 6t8/5 and impact tough-
Fig. Skech o inpant estness of over-heated zone in real joints[

7 j

p--0

,ec.

A-A

Fig.8 Specimen for Y-groove restrained Fig.12 Relation between Lt815 and brittleness tran-

cracking lest. sformation temperature o7 over-heated zonein HZA of rea real jointst
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HIGH STRENGTH STEELS IN
AUTOMOBILES-PAST DIFFICULTIES

TO FUTURE CHALLENGE

R. G. Davies
Ford Motor Company

Dearborn. Michigan 48121-2053 USA

Weight reduction through the use of high strength
steels (1ISS) is a cost effective way to reduce 16 15
fuel consumpt ion. This paper briefly reviews 15
the three basic types of ESS-conventional (grain 14 a
size, precipitate strngthened, recovery anne, led/ .x \A
martensitic and duel-phase. The major problems -

enoutre i herapplication to stamped 012 20

automotive components have been associated with
reduced ductility (lower forming limit curves and II2
higher edge cracking tendency), shape control 10 25

(springback and side-wall curl) and spot welding

difficulties. These problems have been exacer- " ENGINES 30

bated by the use of coatings (zinc/zinc alloy) 0 7o AND TRANSMISSIONS
for corrosion protection. The advent of the 60

"world-wide" automobile company makes it diffi- w

cult to predict what the future holds for ISS; 5

depending on the country of origin there may be L50o L
1000 1500 2000

less lise of and/or different types of 1ISS. What- INERTIA TEST WEIGHT, K9
ever the mix of steels in the car there will be
an increased need for consistent steels; con-

sistent in mechanical properties, thickness Fig. I Fuel consumption as a function ot
and coat ing weights. vehicle inertia weight

It is just over 10 years ago that there was the I'he intent of this paper is to review what las

first extensive u.c:. ef cold-rolled gage high been learned about the properties of 1SS and the

strength steels Ui,;) in aotomobiles. This difficulties encountered in their application to

usage was in response to the gasoline shortage automobiles. An attempted will then be made to

and the subsequent government fuel economy predict what the future holds for the usiage of

regulations. Fuel consumption as shown in Fig. these materials in the light o; a rapidly
I decreases with decreasing weight of the vehi- changing automobile Industry.

cle; improvements in engines and other power

train components move the curve downward but do TYPr:- OF ES
not negate tb- influence of weight reduction.

Over the last 10 years the average weihgt of i For the purpose of this paper 1155 will be
U.S. automobile has been reduced by about 360 defined as steels whose yield strengths are in
kg (800 tbs), mainly as a result of vehicle down- excess of 25 Ta (40 ksi) and thus tensile

sizing and more efficient packaging but with im- strengths greater than 360 MPa (52 ksi). As I
portant contributions from the use of lightweight comparison, the yield strength of cold-rolled

materials such as ISS, plastics and cast 91um- low-carbon steel is usually in the range 165 to

tnum. 234 tPa (24 to 34 ksi).
HSS can be divided into three basic groups

depending on the types of strengthening merhan-
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isms employed. The three groups of steels ore

often referred to as: 1. recovery annealed! Soo0

martensitic-these ore strengthened by the

presence of dislocation substructures, 2. dual- 700 -100
phase steels w'ose strength depends upon the

percentage of martensite in the structore(1) and

3. conventional 1155. The relationship of these 600- %Nb 0.06 8
steels to one another con best be visualized by6Vs

p lotting the tensile strength as a function of OL 500-. 04

total elongation as shown in Fig.2(2); tensile - 0. 15 2ks

strength is chosen as it a good measure of.0,0

faitipoel3) and crush resistancei
4
,5) while tc)t al W40 Q10

elongat ion is a reasonable indication of £

for ma biI i tv. 30 00
934

- - 200 LI
> 200 -

LOW CARBON 180FERT AIZ z
1200 MATENSIiE 6

a1 0

1 000 ~ 1440 ----

z 120 FERRITE GRAIN SIZE~d4 1m

8000

I Jig. 7Vii iatien in yield sUnthwith grain

-00 0ER 80 siz r and N1, aind V content, for i1 tvp ical h-ot-
ANNEALED roled PS Canlt, in inlg APProx. I 1M Ln

OR r. IC,1 ~ n

400 1 OUENiAED ,*60 1 yg h
CONvENTIONAL

MS40 PAST EXPERIENCE

5 10 5 2025 3 35 0 45The 1fLar';. 10 years have been a time of learning

TOTA tLNGAIONfor both t ie users and the prieducers of HIS'

(part icui.,-ly the cold-rollel! eaa,5) . The users-

F i. Te-isile strength versus total iii this ci';e the automobile industry-have had to

ci ongat ion for the three basic learn how to design and produce components in a

types of IfSS. i2) raterial with lower ductility than low carbon

steel; lorming problems are discussed below.

TOL conventijonal IISS util iz onc or more of The ste el industry has made tremendous progress

ti, :oi oinc badei strengthening mechanism.-: in its ability to produce 1155 with constant

I lid sout ion strengthening by P, Si or 11n, properties from coil to crill and iron beg-inning

in refinement and precipitation hardening to ond of i given coil. Two steel companies

h',V or Ti carbide-; or carbo-nitrides (6-8). have instai-led cont inuous annealing lines which

F11. 3 shows the contributions, to the yield are ideal for producing high wool ity l155. The

,t re n, th of these Mechan isms for a typ icajl hot- lack at) consistency of the properties of 11S.5

lidilS- containing approximately 1'. n, 0. 5,* liin.'reil the application of these, steols nd, to

:ind varifous, amounts of Nb and V. it can be a certa in extent, still drjeo to this day. There

reen thait Nb, through its grain re~fining action, aire still people around thev i:,duitrv who remember

iV the, most efficient microallaying clement (6). "when we had a 950 steel with a 75 ksi yield";

in II-clligge 1155, which have been annealed the steel producers must centinoe their education

t 6l.0-700o)c, most of the strengrthening is from pro-.,rom to show the progress that they have made

he era in size rediictijun and solid solut ion Ill a] I facets of steel making.

ele~ments; t he aict of anneal ing has (oarsened l .ifficulaite encountered in the product ion

tihe precipitates so that they contribute I tt le of 055S components are briefly reviewed in the

t, the st rengthi. The majority iii convent i orl I fe I lowing sections.

HIS, boh fr ot and cold-rolled gages, rely upon

:41 atlone or a mixture of Nb and V as their micro-

,110% ; trengthen ing element . Ti has not been

wiCdely used for strengthen ing, evcn though its
(orile i themos stable, because the mechnical

prorI))tfcl have been very inconsis;tent esnec lull y

in the- cold-mi led gages.
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L

a.n:TalNSIC FORABILIIY IISS lave reduced whether the material is deficient or whether the

formability compared to low carbon steels as press needs adjustment. Knowing the source of

revealed by Lhe forming limit diagram (FLD) in the problem allows a solution to be found

Fib. L( 3); if the forming strain encountered quicker.
b. EDGE CRACKING - Edge cracking, which is

during a stamping operation remain below the line h DECAKN decaknwihi
t f ae (severncion rmain fr ture wi observed when a sampled hole is expanded into at h e n f a i lu r e (s e v e r e n e c k in g o r f r a c t u r e ) w i l lsh a e ed e i s u eq n t y t r c e , i s l o

-lot occur. It can be seen that the higher the

strength of the steel the less is the available a measure of the materials ductility. Hole

strain; the exception to this is the dual-phase expansion, which is a measure of the strain to
stran; he xcepionto hisfracture at an edge, is dependent upon the

steel which has the same tensile 
strength as the

HSLA 80 but considerably better formability, cleanliness of the steel (number and shape of

The FLD is sensitive to the thickness of the the sulfide inclusions), the type of HSS and the

steel such that the formability decreases with quality of the sheared edge(ll). Inclusi n

decreasing thickness. In addition, the lower shape control is accomplished by the addition of

strain harding exponent (n value) of the HSS will rare-earth elements, Ti or Zr and results in

result in Increised strain locolization(l0) and rouiued, globular sulfides rather than the

an increased propensity for splits and thinning. common elongated Mn sulfides(12). Figure 5

shows the influence of both tensile strength
and sulfide shape control upon the hole expan-

sion; the lower curve is for steels without

shape control. It can be seen in this figure

that the edge carcking resistance decreases
rapidly with increasing tensile strength and, at

100 a given tensile strength, is improved bv in-

clusion shape control.
90 i

'80 40 60 80 100

0 7 OW CARBON STEEL Punched R.Od

-80 AKDQ 0~

60940 4 A
160 -,950-1 "

98 DA 950-2 a0DUAL DP-90-1 * A90PHASE 0- 4 DP-90-2 0 aI

HSLA 980X 20-Z 980X
HSLA 950X

-20 z

0 0INCLUSION
10 wU SHAPE

*U 80 \/CONTROL

-- 0

-40 -20 0 20 40 60 40
MINOR SrRAIN,% 60

Fig. 4 7orming limit diagram for various IISS. (9) 40

Tt 1, worth noting that a specific measure of 20 No Inclusion

the FLD is. used for the in-plant evluation of Shape Control

formability. This measure Is the limiting dome

height (I.Dtr) and is essentially the minimum I I I I

v;alue of the FLD. In the majority of stampings 300 400 500 600 700

the minor strain is In the range -10 to +10 and TENSILE STRENGTH, MPO
thus the LDHI value is a good Indicator of press

performance. The major use of the LIM value is
in statistical process contorl and thus It Fig. 5 Hole expansion as a function of tensile

assists In deciding the origin of stamping strength; the lower curve is for alloys without

defects. For example, if excessive splitting is inluusion shape control while the upper curve Is

being encountered then the LD test can Indicate for steels with inclusion shape control and/or

good qual ity edges. (1)
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The hole expansion data for the high alloy As springback is dependant upon the strength
dual-phase steel (l.5%Mn-0.6%Si), which has of the material then the consistency of the
rare-earth additions (DP-90-2), is considerably strength becomes very important. Variations in
less than for a conventional HSS of comparable the strength from coil to coil lead to varia-
tensile strength. This ease of edge cracking is tions in springback which influences part fit-

thought to be due to the brittle nature of the up and quality. Since springback can often be
high carbon martensite islands in this structure, compensated for in the dies, -onsistent
However, the lean alloy dual-phase steel (0.6% mechanical properties are often more important
Mn, DP-90-1) which (ontains tempered martensite, in determining quality parts than the absolute
behaves similarly to the conventional HSS. magnitude of the propertieL.

In stamping plants it is not unusual to find d. SIDE-WALL CURL - When a hat shaped section

that certain regions of the sheared edge of a is formed by a punch pulling the steel over a
few HSS components are being flame annealed prior radius into a die cavity it is seen that, in
to edge stretching. The annealing Improves the addition to springback, the side-walls are
"quality" of the edge by removing the cold-work curved; this is referred to as side-wall curl.
put in by the action of the shear. Such an "Curl" increases with increasing tensile
annealing step is both time consuming and expen- strength and decreasing thickness of the
sive hut often it is the only way a part can be material (see Fig. 7) and is in general mini-

made. Edge cracking is still a serious problem mized by a large die radius (16,17). The

in the plant. majority of hat-section and similar structural
C. SPRINCBACK - Springback, which is the diff- components were traditionally made of low-car-
erence in configuration of the component between bon steel of about 1.6mm thick and curl was not
when it is in the die and when it is taken out, a problem. However, with the substitution of

is a problem with all materials. For a simple thinner gage HSS, such components now exhibit
bend operation like forming a bracket or a U- "curl" which leads to assembly difficulties.
channel, it is found that springback is a func-

tion of die-gap, bend radius and material thick-

ness and strength(13). For constant die condi- ins
tions the springback is, as shown in Fig. 6, 0.06 007 008 0.09 O10

proportional to the yield strength. Springback

is thus an intrinsic property of the material 700 1'00
and cannot be modified by manipulating the "I',I

metallurgical structure. However, various die 'SOO: CURL, A DP

technique, such a- the "double-bend"(14,15) can -
80

be used to minimize or eliminate springback. X ,g 80

iuj 500
ksi C K

20 30 40 50 60 70 80 90 100 uJ NO CURL
4o00_ 60

* CRLC
1010 & SAE 950X /
0 * SAE 980X 3001 LOWLO0

n DUAL-PHASE CARBON 40

1.6 IB 2.0 22 2.4
a u THICKNESS, mm

Fig. 7 Plot of material thickness versus
- tensile strength showing the region where

Z MATERIAL THICKNESS "curl" can be expected. (16)
Z MTRA K 025

(Q- DIE RADIUS
0 1 Side-wall curl is consequence of the non-

0 uniform disti ution of residual stresses through
200 300 400 500 600 700 the thickness of the sheet caused by the action

FLOW STRESS, MPa of pulling over a radius. Since plastic
deformation can eliminate residual stresses,

Fig. 6 Sprfngback as a function of flow stress then the stretching of the side-wall as a

for various cold-rolled gage steels(13) final forming stemp will remove the "curl".
Indeed it is found(16) that, independent of

material and the initial valur of "curl", a 1%

plastic strain removes the "curl". This

method of Dart shape control is often used in

the stamping plant where hat-shaped sections

are made in multi-stage presses.
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e. SPOT WELDING - In addition to the above men- while the alloyed coatings present the least

tioned forming problems, the use of HSS leads to problems. The thinner the coating, for a given

spot welding difficulties; spot welding is the coating type, the longer is the electrode life.
major mode of assembly of sheet metal components Thus, electrodeposited zinc, which tends to bemajo moe ofassmblyof heetmetl coponnts thinner and more uniform than hot-dipped zinc,

in the automobile industry. HSS result in a

change in the magnitude of the current and the leads to less severe electrode tip degradation.

current range, when compared to low-carbon
steels. Each steel producer/steel mill obtains THE PRESENT

a given set of mechanical properties by alloying
additions that are best suited to their specificthat there are
situation. As different elements change the many obstacles and difficulties associated with
weldain current differng aemntsh the the downgaging of automotive components withweld ing current by d iffering amounts , then I S an th t he i c as d u g e o z n /materials interchangabillty from spot welding 11SS, and that the increased usage of zinc!
considerations is difficult. zinc alloy coatings is compounding these

f. GALVANIZED STEEL - There has been a large problems. In spite of these problems the

increase over the last six or seven years in the average, the average 1988 automobile contains

number of components that are zinc or zinc alloy approximately 100-134 kg (225-300 lbs.) of HSS;

coated. It is snticipated that in three ot five this represents about 8-10% of the dry weight

years time all components will he galvanized, of the vehicle.

independent of whether they are made of low- The vast majority of the HSS used are of the

carbon or HSS. The presence of the zinc or zinc 950 grade with a yield strength of 345 Mpa (50

alloy coating results in a whole new set of ksi); these are conventional type HSS which

forming problems. rely on grain size control for most of their

f The formability of galvanized steel depends strength. Contrary to what was predicted(18)

on the properties both of the substrate and the 6-10 years ago; there is very little use made

coating. Diiring the hot-dipping process the of the more ductile dual-phase steels even

formability of the substrate material may be though there are now two high capacity continu-

degraded; the electrogalvanizing process does ous annealing lines in operation. There are at

not change, in any real way, the properties of least tow reasons for the lack of interest in

the substrate. However, independent of the sub- the iual-Dhase steels: 1). historical-there

strate, the coating does reduce the formability, is a great reluctance to change materi'ls es-

The pure zinc coatings tend to gall more than pecially when forming difficulties have been

the alloy coatings and yet, being softer and overcome and the components are performing well,

more ductile they do not crack and flake off as and 2). the issue of repairability of damaged

readily as the alloy coatings. The flaking components. Vehicles that have been damaged in

and spalling is most severe under forming condi- an accident are often repaircd by .2ating the

tions that involve compressive stresses in the component, or structure, with a blow-torch to

plane of the sheet. In addition, each coating red heat and then beating back into shape.

will react with and hold lubricants differently; aepairability was evaluated by heating specimens

this is true even for one type of coating, for to 550-700C for 2-5 mins.; it was found that

example, electogalvanized steels made on lines conventional USS retained their mechanical

I with different cell geometries will have properties while both the water quenched low-

distinctly different qurface characteristics, alloy dual-phase steels, and the recovery

The surface topography influences both friction annealed/martensitic steels exhibited serious

(galling tendency) and lubrication through its degradation. Thus when a component may be re-

ability to retain oil. paired, instead of replaced, following an

In prototype development many new and diffi- accident, care must be exercised in selecting

cult to form parts are initially formed on zinc- the proper HSS.

based soft tooling. This tooling reacts much The US steel industry has made great strides

differently with the galvanized steel than does over the last ten years in producing more con-

the production hardened steel tooling. Thus a sistent HSS steels both by the addition of new

part may form readily In the soft tooling but equipment-conlinuous annealing lines-and by up-

present many problems in production, grading of the controls of the batch annealing

The spot welding of galvanized steel has been furnaces. In addition, the ladle metallurgy

a serious problem in the assembly plants; there stations now coming into greater use will allow

is a drastic reduction in welding tip life. Thp the production of lower sulfur, cleaner steels

material factors that influence weldabillty are with greater edge cracking resistance. Bake-

type of coating and its thickness. Each of the hardenable steels, with improved dent resis-

coatings has different surface roughnesses, tance(19), are also now available and are find-

electrical resistance, thermal conductivities and ing use in such components as hoods.

melting temperatures; these factors will alter Over the last 10 years the automobile indus-

the heat balance, and therefore the quality of try has met the government mandated fuel econo-

the weld and the electrode life. The hot-dipped my standards through a combination of processes-

galvanized steels are the most difficult to weld downsizing, aerodynamic styling, increased
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engine/transmission efficiencies and the use of formability with controlled mechanical
lightweight materials (Al castings, plastics and properties.
thinner gage HSS). Fuel economy is still im- The major change that is taking place in
portant but there is not the "pressure" on the the automobile industry is the designing of a
industry that the fuel crises of the 1970's vehicle for world-wide production. For ex-
produced. ample, small cars may be designed in Japan for

production in both the US and Europe; other
THE FUTURE AND HSS "world" vehicles are being designed in Europe

and the US. Such vehicles are not only being
a. STEEl IbDUSTe furt isroveanti that pengineered in these countries but production
there will be further improvements in the pro- feasibility is being established as well.
duction of steels with tighter controls of both Thus the home country for a vehicle will he
mechanical properties, gage and coating weight responsible for specifying the materials to be
of hot dipped galvanized steels. Gage control used and, as is well known, different philo-

is very important for the influence it has upon sohies as regards to the usage of HSS and to
the binder restraining force in the stamp- the types of protective coatings. The US and
ing(20); if the material is too thich then the Japan both use significant amounts of HSS but

restraining force increases and this can lead to US steel tends to be of a higher yield strength
splits in the stamping. variety; Europe, on the other hand, does not use

From the ladle metallurgy/vacuum degassing large amounts of HSS. verall impact of
stations there will be very low carbon steels this change in the wa - busin may be
(0.02%C) with improved formability which will a reduction in the an o b usn auto-

aid in parts integration. Such steels can be mobiles.
strengthened with solid solution elements as P
and Si to give highly formable, higher strength SU _RY
materials. If the problems of "surface quality"
can be overcome, then P containing steels could It is clear that the problems associated

find extensive use for outer-body panels. In with the use of HSS-springback, side-wall curl
addition, good carbon control will lead to and reduced ductility-will never go away as they
better bake-hardenable steels, are intrinsic to the material. However, process
b. AUTOMOBILE INDUSTRY - The nature of the US modifications can be made so as to minimize
_utomobile industry has been changing over the
last 6-8 years; there has been a large reduction these poles Aoer ac atn on-tribute to the successful application of HSS is

in production capacity, as imports now have consistent material-consistent in mechanical
about a 30' share of the market, and a concen-
trated effort to improve quality and produc- properties, thickness and, when used, coating

tivity. Increasing productivity will have wih.Teselidsr a ogttewr

both a positive and a negative impact on the out to the engineers of the great strides that

use of HSS. The trend to more integration of they have made in the last ten years in produc-

components into a single stamping will require ing consistent steels.

more formable steels, and thuis mitigate against With the advent of the "world automobile

the use of HSS. Of course, the other alterna- industry" tne outlook tor aSS is not so clear;

tive for component integration, composites, some replacement car lines may use less HSS

leads to a total loss of the business for the than at present while others will use different

steel industry, types of steels. It will be a challenge to the

There is a trend in the automobile industry steel industry to tie-in with this new way of

to produce high performance derivatives of cer- doing business. The last ten years have seen

tain car lines to satisfy a certain segment of great changes in the types of sheet steels

the market. These vehicles have, in general, used in the automobile; the next ten years will

a higher loading upon suspension components and probably produce similar changes.

it is found that HSS are required to minimize
the weight. Such a suspension system may con-

tain approximately 75 kg (170 lbs) of HSS; most
of this represents increased usage of HSS. In
addition, with the decreasing cost and in-

creasing speed of computers, the FEA (finite
element analysis) of more complex components
becomes feasible. To do a FEA the engineer

needs to know the minimu properties of the

material. BRLC (hot-rolled low-carbon) steel
is a rather variable material and therefore
there is a trend for the design engineer to

specify a lower strength HSS (yield strength
300 MPa (43 ksl)). This material has adequate
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THE PAST, PRESENT AND FUTURE OF
HIGH-STRENGTH SHEET STEELS

IN THE AUTOMOBILE

Moinuddin S. Rashid, Chongmin Kim
General Motors Research Laboratories

Warren, Michigan, USA

and emission standards tended to negate vehicle
weight reduction. The least disruptive solution

ABSTRACT to meeting these diametrically opposite trends

for vehicle weight was the substitution of
High-strength low-alloy(HSLA) steels took center lighter-gage high-strength steel components for
stage of the automotive materials scene in the plain-carbon steel components.
early seventies, when the U. S. car industry High-strength sheet steel was favored over
sought ways to simultaneously improve automotive aluminum and plastics, because it was assumed
fuel economy and comply with new federal that the same dies and rules of thumb used for
environmental and safety requirements. Lower forming plain-carbon steels would also be
formability of these steels compared with plain- applicable for making high-strength steel parts.
carbon steels led to the evolution of dual-phase Microalloyed HSLA steels[l], which had just been
steels, such as GM98OX, which had far better introduced, seemed the most attractive
formability and machinability than conventional substitute for plain carbon steels. These
high-strength steels at the same strength level, steels derived their high strength from
Successful applications of GM98OX steel thermomechanically processing steels of
followed; parts made with the steel were essentially plain-carbon steel to which a few
considerably lighter and usually cost about the hundredths of a percent of a microalloying
same as their plain-carbon steel counterparts, element such as V, Nb or Ti had been added.
even though the material cost more. In Initially, only two grades of steel were
production runs with HSLA and dual-phase steels, produced, SAE95OX, which had typically a yield
valuable lessons were learned on steel quality, strength of 50 ksi(350 MPa) and a tensile
property requirements and forming methods. strength of 65 ksi(450 UPa), and SAE98OX, with a
However, the present usage of high-strength yield strength of 80 ksi(550 MPa) and a tensile
steels, dual-phase steels in particular, is strength of 95 ksi(655 MPa). The former was
considerably below predicted levels, but the preferred in Japan, while the U. S. automotive
usage is expected to grow. Stamping plants are companies chose to work more with the higher-
now more comfortable in using higher-strength strength steel in strength-limited parts. This
steels and are trying new forming technologies, was an exciting period for metallurgists and
Steel companies are now capable of producing engineers alike, who had to grasp and satisfy
quality high-strength steels with closely the fast changing needs of the automotive
controlled properties. industry, with no time for systematic

introduction of new materials and processes.

THE PAST PRODUCTION PROBLEMS WITH HSLA STEELS - It
was realized very quickly in forming parts such

EMERGENCE OF HIGH-STRENGTH LOW-ALLOY(HSLA) as bumpers, bumper reinforcements and brackets
STEELS - High-strength sheet steels were drawn that high-strength steels behaved quite
onto automotive center stage in the early differently from mild steels in the stamping
seventies, when fuel price increased sharply and press. The high-strength steels had lower
new federal safety and emission laws were formability, which made it difficult to produce
enacted. The higher fuel cost increased the parts with the same complexity and quality that
sale of small, more fuel-efficient cars, and were common with plain-carbon steels without
forced car manufacturers to reduce vehicle altering the die design. Rules of thumb valid
weight, whereas compliance with the new safety for forming mild steel had to be reexamined.
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Die and/or part design changes were required, Most importantly, the ductility of GM98OX was
which created turmoil and apprehension in the far better than that of prior HSLA steels with
automotive industry, similar tensile strength. The higher work

The higher strength produced greater hardening rate and ductility promised improved
elastic springback when HSLA steels were formed. formability, as was experienced.
The problem was further compounded by variations GM980X was also produced in galvanized
in the steels' mechanical properties and form[4]. A modified hot-dip galvanizing cycle
chemical composition, which produced varying was used not only to galvanize the steel but
amounts of springback. Even though the also to produce the dual-phase microstructure
magnitude of property variation relative to the and mechanical properties. The modification
strength level in high-strength steels was not consisted of a suitable combination of zinc pot
much different from that for plain carbon temperature, sheet steel immersion time in the
steels, the lower strength and greater ductility pot, and cooling rate. With an ever increasing
of the latter steels rendered them more requirement of corrosion protection, especially
forgiving. Furthermore, the HSLA steels had low for thinner-gage steel parts, this simple and
r-values, did not draw as easily as plain-carbon elegant production method was another plus for
steels, and also developed large degrees of side the steel.
wall curl.

Yet, several production parts such as
brackets and bumper reinforcements were made
with HSLA steels[2]. However, when the need for Yield Point Elongation

HSLA steels was not imperative, production GM 980X

problems caused some users to revert back to 600
mild steel, thereby slowing down the "N
introduction of high-strength steels. I A 90

These problems brought about the
realization that tighter process control was Yield Stress (YS)
needed in high-strength steel manufacture. This /Y
led to vigorous implementation of modern steel 400
making practice, sophisticated instrumentation i SAE 950X
for inspection and stricter quality control
measures at the U. S. steel mills. However, the
reduced formability of HSLA steels remained an I
issue. In order to use high-strength steels 200 Plain Carbon
successfully for automotive weight reduction,
stamping methods had to be modified, part
complexity reduced, or steel formability Elongation, et
improved. This provided adequate motivation
which led to the development of dual-phase 0 I
steels[3]. (11 10 20 30 40

EVOLUTION OF DUAL-PRASE STEELS - The -0.2 Percent Strain

development of dual-phase steels was the single Figure 1. Schematic stress-strain curves for
most significant achievement in sheet steel GM9SOX, SAE980X, SAE950X and plain-carbon steels.
development of the 1970's. Originally, these
steels were developed to have the same tensile
strength as the SAE98OX steels(650 MPa minimum Since continuous annealing lines were not
tensile strength) but with ductility equal to or plentiful in the U. S., an alternative method
better than that of the SAE95OX steels(i. e., was found for developing GM98OX type properties
about 30 % total elongation in a 2 in. gage in steels that could be produced "as-rolled"
length). Moreover, to keep the cost down, these directly off the hct rolling mill rather than by
steels had basically the same chemical continuous annealing. The as-rolled dual-phase
composition as that of plain-carbon steel. steels were pioneered by Climax Molybdenum
Developments occurred simultaneoulsy in the Company, who thermomechanically processed steels
United States and Japan. Essentially, three containing typically 0.06 C, 0.9 % Mn, 1.35 %
different types of dual-phase steels evolved. Si, 0.45 % Cr and 0.35 % Mo in the intercritical

GM980X, which was developed at General temperature range on the hot-rolling mill[5].
Motors Research Laboratories, is produced by The mechanical properties of these steels were
intercritically annealing and slow cooling a generally similar to those of GM980X, even
steel containing about 0.1 % C, 1.5 % Mn, and up though GM980X had somewhat greater total
to 0.1 % V as an optional microalloying elongation in tension.
element[3]. Typically, GM98OX has a yield Development of the third type of dual-phase
strength of 50 ksi(350 MPa), no yield point steels occurred in the United States and Japan,
elongation, a high work hardening rate, n- but commercialization of the steels has been
value(work hardening exponent) of 0.25, and most active in Japan. This type of dual-phase
tensile strength of 0 ksi(650 MPa), Figure 1. steel is produced by continuous annealing steels
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with less than 0.1 % C and 1.0 % Mn, quenching same strength level. Almost 80 million GM98OX

the steels, and then tempering them to develop components have been built into General Motors'
the desired combination of strength and production automobiles thus far. For example,
ductility[6]. All three types of dual-phase the steering coupling reinforcement shown in
steels, while possessing high tensile strength, Figure 2 has been produced using hot-dip

exhibited considerably greater ductility and galvanized GM980X steel since 1975[7].

work hardening rate than traditional steels of Previously, the part used to be made by forming

the same strength levels, plain carbon steel, carburizing to obtain the

The microstructure of GM980X steel consists required strength and durability, and then

of about 5 to 10 % martensite, I0 to 15 % plating for corrosion protection. The heat
untransformed austenite, and the balance, treatment and plating steps were eliminated when

ferrite[3]. The other two types of dual-phase GM980X was used, with accompanying improvements

steels consist of about 75 to 80 % ferrite, with in productivity and part quality and at lower

the balance being martensite. The former cost. This part is still in production today.
microstructure appeaf: tc be more conducive to Other GM980X components produced thus far

improved ductility at the same strength level, include bumper face bars, bumper reinforcements,
This has been attributed, in part, to the more wheel rims and discs, an independent rear

ductile ferrite and the untransformed austenite. suspension control arm, an alternator fan, and
Several versions of dual-phase steels, with an overrunning clutch hub[8, 9]. In addition,

similar C, Mn and Si contents but with varying several other parts were successfully developed
amounts of microalloying elements were produced using GM98OX, although they were not released
all over the world to meet the GM980X for production; they include a stabilizer bar, a
specification. In addition to substitution of V water pump pulley, an air cleaner plate, a
with Nb, additions of Cr or Mo were utilized to styled wheel disc, a complete bumper jack, a
produce dual-phase steels. Several of these wiper linkage mechanism, a torque converter
steels were made in production quantities and housing, a door beam and assorted brackets. All
used in production automobiles, these components were made on production tools

which were designed for the much lower-strength,

PRODUCTION USE OF DUAL-PHASE STEELS - plain carbon steel. The consumption of GM98OX

Forming trials with dual-phase steels were far dual-phase steel in General Motors reached a

more successful than with HSLA steels of the peak of about 20,000 tons in one year.
In each preceeding application, weight

savings of 25 to 33 % were realized at no extra
cost over the plain carbon steel production
component. In some instances there was actual
cost reduction, even though the dual-phase steel
was more expensive than plain carbon steel.S Experimenting with new manufacturing
methods led to a pleasant discovery that, in
addition to superior formability, GM980X withjits unique microstructure also had superior
machinability[9]. The clutch hub, shown inAFigure 3, required a high-quality surface on the
broached splines. The existing manufacturing
method involved stamping a plain-carbon sheet5 steel cup and finish-machining the cup walls, on
which the splines were broached. The surface
quality of the broached, plain-carbon steel
parts was poor, Figure 3A. Galling occurred,
and the broach life was unacceptably low.
GM98OX easily formed the cup. The steel work-
hardened to more than 23 HRC, enabling high
quality broaching of the splines, Figure 3B. In
addition, GM98OX produced small chips which did
not adhere to the tool and were far easier to
clean than mild steel chips. Most importantly,
the broach life increased twenty-fold.

LESSONS LEARNED - Much was learned in these
production runs about forming high-strength

2 cm, steel. The dies had to be designed for the
unique characteristics of the steel, namely,
high strength, high work hardening rate and good

Figure 2. Steering coupling reinrorcements made formability. Forming loads were not much higher
with hot-dip galvanized GM980X dual-phase steel, compared with plain-carbon steels because of the
The two individual and the assembled component reduced steel thickness. The high work
are shown.

321



A' SAE 1010

Figure 3. Photographs showing splines in the (A) SAE1010 clutch hub and (B) GM980X dual-

phase steel hub. Note the burr and galling at the root of the spline in the SAE1010 hub.

hardening rate reflected good formability, but the 1970's and early 80's. Modern continuous
because of the low(50 ksi, or 350 MPa) yield casting and ladle refining technologies had not
strength, a suitable amount of plastic strain yet been not widely implemented in the North
was required to develop higher strength in the American steel industry. When ingot cast, the
part. The forming sequence had to be such that dual-phase steel exhibited a considerable degree
it would create sufficient strain in those areas of composition segregation due to its relatively
of the formed part where the part design called high manganese content. This added to the
for a strength level higher than 50 ksi. For mechanical property variations in the finished
example, in components such as bumpers and steel. Cleanliness of the steel was also a
bumper reinforcements which have large, flat or problem. Without ladle refinement to remove
generously curved areas, conventional forming sulfur and other undesired elements, the steel
imparts very little strain. For higher strength microstructure would contain large stringers of
at these locations, the die would have to be manganese sulfide and other inclusions, which
designed such that these areas are strained at contributed to reduced edge ductility.
least 5 % during forming. Lessons were also learned about the

While the high work hardening rate of dual- preferred mode of interactions among all groups
phase steels improved formability, it also had involved in the manufacture of stampe4 parts.
an unwanted side effect, namely, low ductility For effective implementation of a new steel, a
of sheared edges, which sometimes caused new process, or a new application, close
microcracks to form at these edges, and poor collaboration is needed among the steel
punched hole stretchability[10]. Proper setting metallurgist, the die designer, the part
of shear gaps, well dressed shear tools and, as designer, and the manufacturing engineer. The
a last resort, a shaving tool or reaming the team should cooperatively identify the most
hole, solved the problem. effective and economical forming process and

Lessons were also learned on steel quality undertake necessary developmental work to 'make
requirements. Many of the same problems that the steel work' for the part. The new
hindered the wide-spread use of HSLA steels, combination of steel and process must be
namely, variations in composition and mechanical implemented systematically and progressively.
properties also hampered implementation of The steel supplier must persevere together with
ingot-cast GM98OX and as-rolled dual-phase the steel user, continuously providing technical
steels. However, this is not as serious a support. It is most unfortunate that such
problem for the low-C low-Mn dual-phase steels collaboration has not always been practiced
currently being produced in modern continuous effectively. As we all know, the need for this
lines. Nearly involvement" of supplier and user has

The lack of modern steel making and been emphasized publicly by concerned managers
processing technologies were partly responsible in the automotive and steel industries in recent
for variations in dual-phase steel properties in years.
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PREDICTIONS OF HIGH-STRENGTH STEEL USAGE -
The preceeding production successes invoked
steel mill projections of up to one million tons
of GM98OX per year by 1985, in spite of the fact 100 1000
that GM98OX utilization had not been without
problems. As recently as 1980, there prevailed kg kg t
an expectation that dual-phase steels would r
account for about half of the sheet steel
content in the automobile body by the end of the 80 - 800
decade[ll]. It was also predicted that the )
proportion of high-strength steels would
increase by 50 to 150%, to 135 to 270 kg, or . +bonU?
about 30 to 50 % of total sheet steels used in .0 60 steels 600 o
an average passenger car by 1990[11]. A recent r se
survey[121 shows, however, that an average 1988 0

model U. S. passenger car contained a total of g hgh-strength
about 755 kg of sheet steel, only 14 %, or 105 .T

kg, of which was high-strength steels. Also, 4 40 - steel 400
there is relatively little dual-phase steel
presently used in the automotive industry. The
reasons for this are mostly non-technical or too
controversial to discuss here.

20 200

THE PRESENT

CURRENT APPLICATIONS - As just mentioned, I I I I
high-strength steels account for about 14% of 76 78 80 82 84 86 88
the body-in-white of an average 1988 year U. S.
passenger car, the most rapid growth in their Year
usage having occurred during 1978-82, Figure Figure 4. High-strength steel content in the
4[12]. It must be noted, however, that, even
though the growth rate of high-strength steel average U. S. passenger car in the past
usage has slowed down since 1982, continued decade[21.
growth occurred while the weight of the body-in- the steel user. Annual consumption of the steel
white underwent a sizable reduction. It is is estimated at 2000 tons. If all steel
important to note that this increase occurred companies could produce high-strength steels to
during a period when gasoline price was such a tight mechanical property specification,
predicted to go up, but on the contrary, was the usage of these steels would be increased
quite stable or even went down. substantially.

Components currently being made with It is expected that, with experience being
conventional high-strength steels are mostly accumulated and advances being made in forming
strength-limited parts having relatively simple technology, HSLA steels will find more
geometries, for example, rail-shaped parts such applications in more complex shaped components,
as door beams, wheels, bumper reinforcements, and that dual-phase steel usage will grow in
and an assortments of brackets and mounts, stiffness- as well as strength-limited parts.
Dual-phase steel parts currently in production The increase in high-strength steel usage will
include steering coupling reinforcements, an certainly be accelerated further, should there
alternator fan, and a wheel spider. be another oil crisis in the future.

GM98OX dual-phase steel is currently being
used to make steering coupling reinforcements at DEVELOPMENTS IN SHEET STEEL PRODUCTION
GM Saginaw Division and alternator fans in GM TECHNOLOGY - The demand from automotive
Delco-Remy Division. Roughly five million companies for tighter control of mechanical
steering coupling reinforcements are produced properties of high-strength steels has resulted
annually using about 600 tons of hot-dip in sweeping changes at U. S. steel producers in
galvanized GM98OX steel. The alternator fan their manufacturing technologies and quality
application accounts for another 600 tons. control measures. For example, the steel
Dual-phase steel wheels are produced in the U. companies have implemented measures for
S. for a Japanese automotive company. The steel producing clean, ladle-refined steel. Now
is a high-alloy, hot-rolled type, imported from commonplace is continuous casting technology,
Japan. The mechanical properties of the steel which has markedly improved steel composition
meet the GM98OX specification. uniformity and yield compared with ingot casting

A noteworthy feature regarding the wheel technology. Continuous annealing lines have
spider application is that the supplier of the been installed, which enable a large variety of
dual-phase steel has been able to meet the sheet steel to be produced with closely
tensile strength tolerance of +5 ksi, imposed by controlled mechanical properties. Savings in
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energy and time for heat treatment are also versions of the code are already in use.
significant advantages with the continuous Another development at GM worthy of mention is a
annealing line compared with the batch annealing computer assisted routine, which simultaneously
method. There are currently only two major U. optimizes the part design and material[14].
S. steel companies which have modern continuous Even though this routine has been applied only
annealing lines, but the number is expected to to simple, channel-shaped components, extended
increase. The past decade has also saw application to complex parts is expected in the
extensive use of computers in steel mills to near future.
control all phases of steel production and to
moniter steel properties and quality. STEEL USER-SUPPLIER PARTNERSHIP - The

Past problems arising from variability of awareness of the need for early involvement of
mechanical properties and gage thickness of steel companies in production of automotive
high-strength steels have decreased components has resulted in the creation of the
significantly, as steel companies have Auto-Steel Partnership Program(ASPP)[15]. This
implemented measures for statistical process program stresses full cooperation between the
control in all phases of steel production. The automotive and steel industries in order to
result of such efforts can be observed in the enable both industries to remain efficient and
recent reduction of gage tolerance for sheet competitive in the world market. The ASPP
steels imposed by the automotive companies. committees consist of representatives from major
Until recently, General Motors specified the U. S. automotive and steel companies who handle
full AISI tolerance. GM is currently imposing a a variety of important issues such as quality
half tolerance, but already some suppliers are control standards and corrosion tests for
meeting quarter tolerance. Research work at galvanized steels. The need for close
General Motors[13] has shown that seemingly partnership between the automotive and steel
minor variations in forming parameters such as industries is also being emphasized in Europe
steel sheet gage and blank size exert major and Japan[16, 17].
influences on the quality of stamped components.
Therefore, The reduction in gage tolerance,
together with more consistent mechanical THE FUTURE
properties, will undoubtedly contribute to In spite of the rather slow inroads that
decreased stamping reject rates and improved, high-strength steels have made into the
overall quality of stamped components. automobile body during the past two decades,

DEVELOPMENTS IN SHEET STEEL FORMING stamping plants today are far more comfortable
TECHNOLOGY -Increasing number of stamping in using high-strength steels than at any timeplants are now using transfer presses and in history and are more receptive to trying new
stretch-draw operations to form high-strength as steels to replace low-strength steels. The
well as plain-carbon steels. Whereas the low r- technology of producing parts with SAE950 grade
value(drawability) of high-strength steels has steels is now fairly mature, and future efforts
often limited the steels' applications, the will be directed largely toward using more

stretchability is much less of a problem, higher-strength steels. Although current usage
especially for dual-phase steels. Frequently, of high-strength steels is mostly for strength-
however, there may be a viable, alternative limited parts, usage of the steels for
forming method for these steels. Consider a stiffness-limted parts is expected in the
process in which the initial step future.

bulges(stretches) the steel blank roughly to the Predicting the future of HSLA sheet steels
part shape, and following steps introduce the in the automobile is quite difficult to do. The
design part shape to the bulged blank using amount of high-strength steels used in the
mainly bending and low amounts of stretching, automobile body will also depend on the degree
drawing and compressive strains. Forming of success of competing materials such as
methods of such variation can open new aluminum and plastics in replacing steel
possibilities for wider application of high- components. It appears reasonable, however, to
strength steels. The stretch-draw operation say that each material will eventually find its
will also markedly reduce the degree of elastic own, deserving level of use, and that high-
springback in the final formed part compared strength steels will account for a greater
with traditional forming methods. Further portion of the automobile body-in-white than the
popularity of transfer presses at stamping present level. If asked to make a specific
plants is expected to contribute to greater forecast, the authors make the following
usage of high-strength steels. speculation, realizing fully that the

The past decade has also seen significant dependability of such prediction is as good as
progress in computer assisted techniques for that of a Michigan weather forecast on a given
analyzing forming strains, designing and day: 1) The usage of high-strength steels will
optimizing part shape and forming method. GM continue to grow for the next ten years, albeit
Research Laboratories has developed a 3- at a slow rate, to 20 to 25 % of the body-in-
dimensional finite-element code, named GMFORM. white weight, 2) Dual-phase steels will accountAlthough not fully developed, simplified for about one quarter of the total weight ofhigh-strength steels.
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MANUFACTURING CONDITION AND
AUTOMOTIVE USE OF BAKE

HARDENABLE STEEL SHEETS

Kazumasa Yamazaki, Takashi Horita Yuuji Umehara, Tadaaki Morishita
Nippon Steel Corporation Toyota Motor Corporation

Tokai-shi, Aichi, Japan Toyota-shi. Aichi, Japan

ABSTRACT This concept was unsuccessfully tried to
put into practice during the 1960's and the

Bake hardenable steel satisfies the 1970's.(l)(2)(3) Because at that time, rimmed
contrary requirements of formability and dent steel was mainly used, In which nitrogen could
resistance. It has been commercially used since not be controlled. A forming defect of
early 1980's, and now accounts for the major stretcher strain could not be avoided without
portion of the high strength steel used for car the control of dissolved elements. After the
bodies. 1973 oil crisis, the use of high strength steel

Bake hardenability is closely related to in car body production accelerated due to the
strain aging. A yield point elongation greater growing demand for fuel-efficient cars. A great
than 0.2% produces a forming defect of deal of research has been carried out on high
stretcher strain. From this point of view no strength steel. The concept of bake hardening
more than 5 kgf/mm 2  (49MPa) of bake has become the center of attention again. After
hardenability Is practical. Reduction of gauge a lot of research works on manufacturing and
was achieved by 0.05mm to 0.1mm for moderate application of bake hardenable steel, It has
drawing panels such as hoods and doors by using been commercially used since beginning of the
35kgf/mm2  (343MPa) bake hardenable steel 1980's. The reason Its commercial application
together with various Improvements in die has been made possible in recent times is that
design and stamping technologies. Bake aluminum killed steel and vacuum degassed steel
hardenability Is also effective for parts which are available at reasonable cost. The use of
need higher deformation starting strength when aluminum killed steel can eliminate a forming
dynamically loaded. So bake hardenable steels problem of stretcher strain and dissolved
are applied also to structural parts such as carbon content can be controlled by vacuum
members. degasslng or continuous annealing process.

Bake hardenable steels help reduce the Various improvements were also made In die
weight of car bodies. design and stamping technologies.

This paper describes the current status of
bake hardenable steels used in car body

INTRODUCTION production in Japan from the manufacturing and
application points of view.

Deterioration of panel stiffness and dent
susceptibility is an obstacle to the
downgauging. The use of high strength steel USE OF BAKE IIARDENABIiE IIGiH STRENGTII
makes It possible for dent resistance of the STEEl. FOR CAR iiOi)IES
panel to be kept unchanged even when Its gauge
Is reduced. But the thinner steel with a higher High strength steel now accounts for about
y cld strength can easily cause geometrical 30-40% of the total weight of car bodies. The
surface defects. "Surface warp" emerged as the changes In the ratio of high strength steel to
most critical defect to be solved for cold rolled steel sheet production at Nippon
successful application of high strength steel. Steel are shown in Figure 1. The use of high
Bake hardenable steel Is particularly suited strength steel has been Increasing steadily
jus solving the problem, because it has low year by year. Figure 2 shows the ratio or
yield strength for good shape fixability when production of each grade of high strength steel
stamped and has high yield strength after to the total production In 1986 at Nippon Steel
stamping for good dent resistance. Nagoya works, and typical applications. Iligh
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Fig. 2 The ratio of production of

Fig. 1 The changes in the ratio of each grade of high strength steel
high strength steel to cold rolled to the total production and typi-
steel sheet production at Nippon cal application
Steel

strength steels with tensile strength below 40 ',Bake hardenability
kgf/mm2 (392MPa) are largely used. These high (AYS)
strength steels are applied to exposed panels r rlokhardening
moderately drawn such as hoods, doors, and Lwr h
trunk lids, and to Inner panels such as floors,
cowls and side sills. High strength steels with
tensile strength above 40 kgf/mm2 (392MPa) are
applied to structural parts such as members.
And high strength steels with the tensile 170 c, 20min.
strength above 60 kgf/mm? (588MPa) are applied 2. Pre-strain
to reinforcements such as bumpers and door
impact bars. Strain

Bake hardenable 6 eels account for about Fig. 3 Schematic stress-strain
45% of the high strength steels at Toyota curve showing the evaluation
Motor. Bake hardenable steels are mainly of bake hardenability
applied to the exposed panels because of the
advantage In reduction of gauge and dent
resistance. The other application of bake
hardenable steel Is for members which need pinning force of dislocation than carbon at
higher resistance against a impact load. ambient temperature. Today bake hardenable

steels are produced from aluminum killed steel,
in which nitrogen can be easily precipitated as

METALLURGICAL. FACTORS IN TilE AIN. Therefore the manufacturing method of bake
MANUFACTURING OF BAKE HARDENABLE hardenable steels Is nothing but the control of
STEELS dissolved carbon.

Bake hardenability Is measured as the Effect of dissolved elements and grain size
difference between the flow stress at 2%
tensile strain and the yield stre s after heat Figure 4 shows the effect of solute
treatment for 20 minutes at 170°C as shown In elements and grain size on the bake
Figure 3. hardenablitty of aluminum killed steels with

Bake hardening Is a kind of strain aging 0.015-0.041% carbon.(5) Though the figure uses
and It Is caused by dissolved nitrogen and the total quantity of carbon and nitrogen as an
carbon. When nitrogen Is used to produce bake Index for concentration of solute elements,
hardening, a forming defect of stretcher strain only the carbon was dissolved when (C+N)<15
emerges frequently because of Its diffusion ppm. Bake hardenability depends upon the grain
coefficient several times larger than that of size as well as the concentration of dissolved
carbon at ambient temperature.(4) Nitrogen carbon and nitrogen. Figure 5 shows the effect
produces larger yield point elongation than of grain size and dissolved elements on bake
carbon when the concentration of dissolved hardenability more clearly.(5) As the
nitrogen Is equal to that of dissolved carbon, concentration of dissolved carbon becomes very
It Is considered that nitrogen has larger high, the Increase In bake hardenabillty
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reaches a saturation point. The grain size -

appears to deter.ine the maximum bake Afer OC x hraging
hardenabllity attainable. The smaller the grain , 2.0' /
size becomes, the higher the bake

hardenabillty. But a maxiUm of' 10 kgf/mm2  - . ,-

(98MPa) of bake hardenablity is obtainable l.' .

because the grain size could be reduced o o
practirally to as small as eleven in grain size >-a)% - . '

number. The reason why hake hardenablity0 0. 04 06 0. 10
depends on the grain size is not clear, but it Si content"
is inferred that the influence of' dissolved
carbon on bake hardenability differs depending Fig. 7 Effect of Si content on bake
on the location of carbon. Diff'erent ef'fect of' hardenability, yield point elon-
dissolved carbon was reported on the bake gation and tensile strength
hardenablity depending on its location, at
grain boundary and inside graln.(6)l7)

Ef'fect of manganese content resulting in lower bake hardenability.
Manganese has another disadvantage because it

Figure 6 shows the ef'fect of manganese reduces plastic strain ratio.
(ottent on the bake hardenabliity.(5) Manganese
redluces the hake hardenabillty.(5)(8) It has an Effect of silicon
affinity for carbon and forms a dipole with
carbon.(9) Dissolving of manganese into Figure 7 shows the effect of silicon
cementite accelerates the precipitation of content on the bake hardenabillty. Silicon
cementlItes(lO), which reduces dissolved carbon enhances the bake hardenabillty.(5I(8) It is
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hardenability and dissolved carbon and Calculated excess carbon content

nitrogen contents Fig. 9 Bake hardenability of titanium-plus

niobium-bearing ultra-low carbon steel

61 (=0with depd Awigquty0Cxiraig

repulsive to carbon. Silicon delays the

precipitation of cementites because It enhances
th activity of carbon around the cementites.
Thercfore higher bake hardenability Is obtained ultra-low carbon steel in whtch the titantum is
as silicon content increases. But silicon contained to combine all of carbon and nitrogen
causes higher yield point elongation as in It. Titanium- plus-niobium-bearing steel
compared with Its strengthening ability as suffers no deterioration of formabtlity when
shown In Figure 7. Silicon is not used for bake carbon Is imcompletely combined. Figure 9 shows
hardenable steel as long as steel can be the bake hardenability of this steel. Boron
strengthened by other elements. enhances the bake hardenability of this steel

as shown In Figure 9. The reason Is not clear,
Effect of phosphorus but It Is Inferred that boron that has affinity

for carbon and extists mainly on the grain
Figure 8 shows the effect of carbon boundary, attracts the carbon Into the grain

content on bake hardenabilty and dissolved boundary that is considered a more effective
(C+N) content both of' low carbon aluminum location for carbon existence In bake
killed steel and rephosphorized aluminum killed hardenability than Inside the grain.
steel.(5) Though (C+N) content does not change
by addition of phosphorus, rephosphorized Relationship between bake hardenability and
aluminum killed steel shows a little higher yield point elongation
bake hardenabclity. The reason is that
rephosphorization reduces the grain size, 8.0 Since the bake hardenable steel Is applied
to 9.0 In grain size number In the case shown to exposed panels, It Is required to produce no
In Figure 8. Thus the phosphorus contributes to forming defect of stretcher strain. Bake
Increase In bake hardenability by reducing the hardenability is closely related to aging at
grain size. Phosphorus has advantage that ambient temperature since bake hardening Is a
addition of It does not deteriorate the plastic kind of strain aging phenomenon. Figure 10 a)
strain ratio. So It Is used mainly as the Is a result of experiment that steels with
strengthening element of bake hardenable high yield point elongation of 1.5% are formed in
strength steel of drawing quality. But more various strain conditions to see the surface
than 0.1% phosphorus causes strain Induced defects prodLced. It shows stretcher strain
brittleness, appears when formed lightly and changes to a

surface defect called Inhomogenous surface
Bake hardenable steel of deep drawing quality roughness Is caused as strain Is Increased

further. Both surface defects deteriorates the
Bake hardenable steel of deep drawing panel quality after painting. According to

quality is produced from ultra-low carbon steel Figure 10 b), yield point elongation has to be
containing both titanium and niobium.(ll) In less than 0.2% for the steel to be used for
this steel, all nitrogen is combined with exposed panels.
titanium and carbon is imcompletely combined Figure 11 shows the relationship between
with niobium. There remains a small quantity of the bake hardenability and the yield point
dissolved carbon unlike the titanium-bearing elongation after aging at 100 °C for an
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and surface defect Fig. 12 Effect of annealing condition
and carbon content on the relation
between bake hardenability and yield
point elongation

hour.(12) Since 0.2% yield point elongation is
acceptable, no more than 5kgf/mm

2 (49MPa) of
bake hardenability on average is practical.

In order to study about the factors behind former has smaller grain size and a larger

the variation of the data In Figure 11, three number of finely dispersed cementites resulted

kind of bake hardenable steels were from its annealing process. Batch annealling

Investigated concerning the relation between process is not so favourable for producing

bake hardenabily and yield point elongation bake hardenable steel, because carbon content

after aging.(13) According to Figure 12, batch must be reduced to 0.01% level, which makes it

annealed ultra-low carbon aluminum killed steel difficult tu suppress yield point elongation.

( C: 10 to 50 ppm ) shows yield point In continuous annealing process dissolved

elongation when bake hardenability is more than carbon is controllable even when 0.04% level of

4 kgf/mm2 (39MPa), while continuously annealed carbon is contented.(14)

low carbon steel ( C: 0.04% ) has no yield
point elongation until bake hardenability Production of bake hardenable steels

reaches 6 kgf/m2 (59MPa). It is thought as

follows. The continuously annealed low carbon To control the concentration of carbon,

steel can be easily induced more dislocations, following methods are employed: decreasing

which suppresses the yield point elongation, carbon content(15), increasing the cooling rate

than the batch annealed ultra-low cardon steel by utilizing the open coil annealing

when they are temper-rolled. It is because the process(16), coasening the cementite by
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Table 1 Bake hardenable steels in production at Nippon Steel

Grade Annealing Chemical compositions Mechanical properties

C .. . n S P - - N - " YS - TS " El - - WH BH
C Si Mn S P Ti Nb kgf/mm: kgf/mm n r kgf/mm_ kgf/mm2

HSS Batch 0.017 0.01 0.23 0.010 0.072 - 23 36 40 0.21 1.7 2.4 5.4
35 BH ..-. ... . .. . . . . ..
(DQ) CAL 0.04 0.01 0.20 0.009 0.027 - 22 36 43 0.21 1.5 3.0 7.0

DQ-BH Batch 0.008: 0.01 0.22 0.009 0.012 - 17 31 45 0.23 1.8 2.5 5.3

DDQ-BH Batch 0.0031 0.02 0.15 0.007 0.009 0.009-0.013 15 29 48 0.24 2.0 3.3 4.4

Gauge: 0.7mm

supercritical annealing or high coiling gauge. In case dent resistance is critical,
temperature after hot rolling(15), and downgauging is made possible by using a steel
appliying continuous annealing process. with high yield strength. Figure 13 shows the

Bake hardenable steel with the tensile relation between dent resistance and panel
strength of 35 kgf/mm?(343MPa) is produced yield strength for a door panel formed by 400
commercially at Nippon Steel by combining ton stamping machine at Nagoya R&D Lab. The
either vacuum degassed low carbon steel panel yield strength was measured by the
(C:0.01%) with batch annealing process, or specimen taken from the panel after being
conventional low carbon (C:0.04%) with stamped. Therefore it represents actual yield
continuous annealing process. The level of strength against which weight is loaded to
5 kgf/mm2  (49MPa) of bake hardenablIty is measure dent depth. The figure indicates about
obtained by controlling the content of 5 kgf/mm 2 (49MPa) of Increase in panel yield
dissolved carbon at 6 to 8 ppm. As the strength enables downgauging from 0.8mm to
strengthening elements phosphrus Is mainly 0.7mm for that panel. Depth of dent varies
used. Because silicon is apt to produce yield depending on dimensions, shape and curveture of
point elongation, and manganese reduces bake panels(17) and different criteria are employed
hardenability. Phosphorus shows no on allowable dent depth for each of the panels.
deterioration of bake hardenability and plastic Although relation is different depending on the
strain ratio, panels between Increase in panel yield strength

Table 1 lists the bake hardenable steels and reduction of gauge achievable, it is
which Nippoi, Steel produces(12). Bake thought in general that panel yield strength is
hardenable mild steels are also produced needed to Increase by 7 kgf/mm 2(69MPa) for the
commercially and applied to back door for downgauge of 0.05mm to 0.1mm. Because maximum 5
example. kgf/mm 2  (49MPa) of bake hardenability Is

commercially practical as mentioned previously,
increase of more than 2 kgf/mm 2 (l9MPa) is

APPLICATION OF BAKE IIARDENABILE necessary in the yield strength before stamping.
STEEL TO CAR BODIES

The gauge of exposed panels Is determined
by dent resistance and panel stiffness. The
reduction of gauge by applying high strength -
steel is made possible only in the case that 0 0 Bake hardenable steel
the panel gauge Is determined by dent A A Conventional steel

resistance. Panel stiffness Is pure elastic 0. A After bake hardening
deformation, while dent resistance Is elastic- E
plastic deformation depends on the yield - 0.3-t:0. Ymv.,7
strength. From the stand point of dent M \ ,
resistance, higher yield strength after forming I 01, U

S0.2 -
and baking Is desired. But, lower yield 4 0 2 ' "
strength Is better for stamping formability and --
shape fixability. Therefore the main subject Is 0.1-
what degree of yield strength is to be
commercially acceptable from both points ofshape fixability and dent resistance. 200 220 240 260 280

Dent resistance Yield strength MPa

Dent resistance and stiffness are Fig. 13 Effect of bake hardening on

Important panel qualities to determine the dent depth
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Bake hardenable high strength steel with Surface warp
tensile strength of 35 kgf/mm 2 (343MPa) was
develoved to meet these requirements. It has Figure 14 shows the typical formingyield strength from 20 to 23 kgf/mm 2 (196 to 225 defects by high strength steel used for
MPa), 2 to 3 kgf/um 2 (20 to 29MPa) up from exposed panels.(18) Surface warp becomes one of
conventional mild steel for the exposed panel the major defects of shape unfixing. Figure 15of moderate drawing, and over 5 kgf/mm2 (49MPa) shows surface profiles around the hollow for
of bake hardenability. door handle, which were formed from mild steel

Fracture~~(Skid line 2 Spring back (DSurface warp
(QSpri ng back

(TlSurface warp 3 Fracture Fracture

Fig. 14 Typical forming defects of exposed panels

z

X Z High Tensile Strength Steel(440 MPa)

O. 4m 80m-

YY

80 m

Fig. 15 Phase of surface warp around door handle hollow

S20-
.0 CCL /, /o

0 Ca) 0

0 0 
C0

m l~r0 C C

200 300 300 500 35 45 -

Yield strength MPa Tensile strength MPa Elonqation %

Fig. 16 Relation between surface warp and major mechanical properties
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------- 7- localized elastic deformation. An example is

20 shown In Figure 17. High blank holding force
HSS40k (YS:265MPa) can reduce the surface warp. Die design was

modified to curb draw-in of flange and to allow
A. uniform strain distribution over the panel.

15 The 35 kgf/mm2 (343MPa) bake hardenable

high strength steel is produced to add
"n, phosphorus to low carbon or ultra-low carbon

10 aluminum killed steel. Application of aluminum
killed steel can improve formability which

L otherwise deteriorates with increased strength
Hbecause it has much better formability than~HS35kBH (YS:220MPa)

5 / rimmed steel which had been used for exposed
Mild steel (YS:182MPa) panel. Moreover, strengthening by phosphorus

does not sacrifice drawability. Other
0 6 8 10 12xl 5  production variables are also controlled toimprove mechanical properties such as
Blanck holding force N elongation, strain hardening coefficient and

aging. The 35 kgf/mm2 (343MPa) bake hardenable
Fig. 17 An example of diminishing high strength steel produced today is capable
surface warp around a hollow for to stand severe stamping condition necessary
door handle by changing forming for prevention of surface warp.
condition As the results, no more than 23 kgf/mu2

(225MPa) of yield strength is acceptable for
the exposed panels 35 kgf/mm 2 (343MPa) bake

and high strength steel with the tensile hardenable high strength steel is applied to.
strength of 45 kgf/mm 2 (440MPa).(19) It Figrure 18 shows an example of the application
indicates the high strength steel produces of bake hardenable steels to automobile parts
larger surface warp than mild steel when formed at Toyota Motor.
under the same stamping condition. The
relationship between surface warp and Effect of bake hardenability on structural
mechanical properties was Investigated as shown parts
in Figure 16.(19)(20)

Panel quality could be deteriorated in The increase of yield strength by bake
terms of surface warp when mild steel was hardenability was also desired to be effective
replaced by 35 kgf/mm2 (343MPa) bake hardenable against impact loading. Box-shaped parts
high strength steel because the latter is illustrated in Figure 19 were exammined to
designed to have higher yield strength than the clarify the effect of bake hardenability on
former as mentioned above. Improvements were structural parts. They were loaded dynamically
made in die design and stamping technology to by a weight with the velocity of about 35 km/h.
use the steel with higher yield strength than And deformation starting load Ps and absorbed
before. They were focussed on the methods to energy Ea were measured as shown in Figure 19.
uniform stress distribution and to minimize The relationship between deformation starting

Luggage compartment door outer

Hood panel

Back door

Outer panel

Front apron to '~~

Front side member Dash lower panel "

Door outer panel

Figure 18 Application of bake hardenable steel to automobile parts
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Spot weld

c:< = Ps

V* Ea

~130 90 Deformation nmv

(a) The shape and dimension of (b) A load-deformation
crush test structure curve

Fig. 19 Bax-shaped structure and
load-deformation curve of crush Fig. 21 Front side member-an example
test for application of bake hardenable

xl0 i  T T - steel to the structural part

A After Bake Hardening
20- 6 K2 .t2. (2)

-~ A

t Since the Increase of tensile strength by bake
- hardening is only 1 to 2 kgf/mm 2 (10 to 20MPa)

10- YS-275MPa- in the case of 5 kgf/gM 2  (49MPa) of bake
/ hardenability, it does not contribute to

6" j Increase In absorbed energy.
In stamping structural parts as well as

4- -YS-225HPa panels it is difficult to obtain good shape
o• fixability when the steel with higher yield

1,-- strength is used. For these reasons bake

hardenable steels are applied to the structural
2 2 : parts which need high deformation starting

/strength such as front side member as shown in
Figure 21. Examples of the application of bake

- :hardenable steel to structural parts are also
0.6 0.8 1.0 1.2 1.41.6 2.0 shown in Figure 18.

Thickness mm

Fig. 20 Relationship between deforma- CONCLUSIONS

tion starting load and panel thick-
ness Bake hardenable steels has entered main

stream of auto production. Several kinds of
bake hardenable steel are now in production at
Nippon Steel. Metallurgical factors affecting
bake hardenability were clarified. The results

load Ps and sheet thickness is shown in Figure of research and Improvements in steel making
20. As previously known, Ps bears the relation technologies made It possible to control the
with the flow stress at 2 % strain 0'2 and the concentration of dissolved carbon at 6 to 8 ppm
sheet thickness t as following equation(21): which produces 5 kgf/mm2  (49MPa) of bake

hardenability without causing stretcher strain.
Ps = K1 ff* " t2 "  (1) Today, 20 to 23 kgf/mm2 (196 to 225MPa) of

yield strength Is thought the most appropriate
It was ilso found in this Investigation that for meeting contrary requirements, formability
deformation starting load was in proportion to and shape fixability. Reduction of gauge was
t
2 0 . And the increase of deformation starting achieved by 0.05 to O.1mm for panels of

load by bake hardening was clearly noticed, moderate drawing such as doors and hoods by
From this result use of bake hardenable steel using 35 kgf/mmz (343MPa) bake hardenable high
had the same effect of reducing gauge by 0.1 to strength steel which was developed for this
0.2 mm. But the advantage on the absorbed usage. Improvements in die design and stamping
energy Ea was not recognized. As previously technologies are also attributable to
known the absorbed energy Is closely correlated successful application of the steel.
with the tensile strength 178 and sheet Bake hardenable steels are also applied to
thickness as the following equation(21): the structural parts such as members in order
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THE AUTOMOTIVE INDUSTRY
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After having satisfactorily solved th

problem of optimizing strength and for-

ABSTRACT mability through micro-alloying, trans-
formation hardening, dual- and multi-

The development of high-strength steels phase structures, extreme desulfuriza-
with highly uniform properties for use tion and other techniques which are now
in the automotive industry has become state-of-the-art3 4, we believ- that
increasingly important.Product and mar- uniformizing properties is the post
ket developments are discussed. Multi- important outstanding task in ste-el
alloying concepts for hot strip steels development. This has become an acute
with Ti, Nb, V, and Zr or Ca are question because of the introdurion in
presented. A new Strength-Temperature- the automotive industry of highly auto-
Alloy Diagram is introduced, which quan- matized production lines which do not
tifies the relation between YS, chemical tolerate large variations of properties.
composition, and rolling temperature. This paper reports on research di-
Together with coiling temperature con- rected to better understanding how
trol, this permits a reduction of scat- alloy design and production factors can
ter. These techniques can also be be optimized to increase uniformity of
applied to the development of normali- mechanical properties. Although closely
zing-rolled steels, connected with this goal, geormetrical
The degree of dispersion hardening of properties are not considered here.
microalloyed cold-rolled steels depends Examples are given of thermomechanically
both on the degree of cold-reduction and treated hot strip, normalizing-rolled
on the annealing cycle and is always hot strip and high strength cold strip,
lower than in hot strip. Up to a YS of uncoated and galvanized.
about 350 N/mm2 the use of rephosphori-
zed steels is more advantageous, but the I. Products and markets - a Thyssen
specific effect of alloying with P dif- view
fers according to the steel type and the
annealing cycle. Careful consideration PRODUCTS - Thyssen Stahl AG offers
of these effects has allowed the produc- a large variety of high-strength low-
tion of hot-dip galvanized strip with a alloy steels for cold forming (Fig. 1).
min. YS of 260 N/mm2 and a standard Hot-rolled steels with a minimu, YS
deviation nearly equivalent to that of up to 55( N/mm 2 are conventional ferri-
DDQ. tic-pearlitic, thermomechanically (TM)

treated strip, and follow closely the
German standard SEW 0921. For the higher
minimum YS up to 750 N/mm z no official

IN RESPONSE TO THE INCREASING DEMAND rf standard exists. These steels have
the automotive industry for HSLA Steels, structures which vary from a mixture of
Thyssen Stahl AG has developed a com- polygonal ferrite and low-carbon bainite
plete range of hot and cold tolled to 100% low-carbon bainite.
products paying special attention to SEW 092 also includes normalized
reducing the spread of both mechanical steels with a minimum YS up to 500 N/mmz
and geometrical properties' and permits normalizing-rolling as an
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Fig. 1 - High strength steels for cold U fl

forming th.2 eemomehnicao l hodut-olledu
alternative. This is a difficult task in seelo hromcaialy htr e
the hot-strip mill, which has been
achieved for the lower range of YS ep toand including 380 N/mm m YS.0

Two other types of high-stlength o ,.De o n f.,,i
steels are also offered forspecll special

applications such as wheel disks, namelyhot-rolled dual-phase steels and very

rapidly cool2ed s~eels with a structure
of very fine ferrite and degenerated 

pearlite. I
Standard microalloyed cold rolled ,./00  /.steels covered in SEW 093 (mrin. YS up /=,W// /,'

to 420 N/m 2 ) have been available for/'/ //about 15 years. Other grades with a min. 1
YS up to 500 N/mm2 are also produced.Bake-hardening and rephosphorized steels 2
with a min. YS up to 300 N/mm are
standard (SEW 093) and offer enhanced Fig. 3 - Development of production figu-
formability. New developments are good res for high-strength cold-rolled steel
formable, non-aging, hot-dip galvanized and in autmobiles (Fig. 3). Since 1983
sheet based on rephosphorized or cold rolled microalloyed steels are
microalloyed steels, being used more and more for such parts

MARKETS - Market development was as pillars and suspensions. In the

different in the last 5 years for hot newest automobiles up to 30% of the
and cold rolled steels. Hot rolled weight of the white body are being
steels were introduced about 20 years covered with HSLA steels with YS greater
ago and specially in truck construction than 260 N/mm2 . Most recently even parts
the advantages which they offer in redu- which involve difficult forming opera-
cing weight were quickly recognized and tions are being pressed from high
put into practice. In the Federal Repub- strength steels, and this is the reason
lic of Germany most truck frames are for the rising production of rephospho-
made today from micro-alloyed HSLA rized and the newer hot-dip galvanized
steels either TM treated or normalized steels. There is also a large increase
(or normalizing rolled). Fig. 2 reflects in the use for outer panels of steels
the typical situation of a mature mar- with a YS of about 220 N/mm2 and an UTS
ket: little or no net growth at a greater than 350 N/mm2 , but this will
relatively high absolute level. But the not be discussed here.
proportion of the higher strength steels
is growing steadily. This is due to 2. High-strength low-alloy thermomechan-
increasing experience in fabrication and ically treated steels
to the positivP results obtained with
these materials. High-strength hot-rolled steel

On the other hand, we observe for strip can be made with microalloying
cold-rolled steels a strong increase in additions of Nb, V , Ti or a combination
total volume caused by the recent intro- of these elements, each of which may
duction of these steels in light trucks have particular advantages according to
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the alloy design specifications. Ti, for As a result, large variations in YS and
example, is low-priced, binds up N, so UTS can occur. This can be seen from
that effectively non-aging steels Fig. 5, which shows the relationship
result, and can be added in higher between acid-soluble (Ti+Nb) and
concentrations to give extremely high strength properties for a steel with a
levels or disprsicn hardenin- This large Ti and a small Nb content. A
makcs it possible to produce steels difference of 0.01% in Tiaud-solubie I

having a range of minimum yield strength which may be provoked by a change of
between 340 and 700 N/mm2 , depending on
the Ti content. In addition sulfide C

shape control is also possible with Ti. E 650Mz thickness gm

025 600- coil.temp.-c- JC I
0 20 -,G SolT ~oc sot 5550

C

010 CM
SE

T  
E

005 a~ 'X3
Ti ~t-

IN --N FT AFF 400
r o0 010 015 020 ' .

Total T, N % -NT-0

Fig. 4 - Various effects of Ti in TM- -40-
treated low-C hot strip steel

Fig.4 shows for a series of thermo- 
-

mechanically treated hot strip steels 80 1
the amount of Ti bound up in different 0,030 G , 0 045 0950 Of O
compounds as the Ti content is gradually 0 0 Oj0
increased7 . Until all N is bound up, TiN 0CI.Nb)0cSol,
is formed. Excess Ti above the stoichio-
metric composition with N appears at low 0 high
first as transformation-induced coherent IntenTediate rolling twpErmre
precipitates, which are responsible for
dispersion hardening. This fraction can Fig. 5 - Influence of the acid-
be separated chemically through selec- soluble fraction of micro-alloying
tive filtration after boiling 2h in elements on mechanical properties
(1+1)HCI Cfor a similar method see ).
Depending on the ratio Ti/Mn, formation 0.0036 in S or N1, will alter strength by
of Ti4CZS2 begins and is complete at about 35 N/mm 2 . For this reason we
Ti/Mn > 0.1257-0. At still higher Ti prefer to achieve sulfide shape control
contents strain-induced TiC may be pre- either through small additions of Zr or
cipitated during rolling, but this through Ca treatment. Larger Zr addi-
depends on the degree of supersaturation tions could also bind up all of N, but
at rolling temperature'0 .In particular this is not practicable with continuous
for bainitic steels, the transition tem- casting.
perature is improved as strain-induced In the above equation the last term
TiC precipitation increases7 . corresponds to the strain-induced carbi-

The multiplicity of effects which des, whi,:h precipitate during rolling
is characteristic for Ti may be advanta- and are incoherent after transformation,
geous for some applications, but on the so that they do not contribute to preci-
other hand, if all of this potential is pitation hardening, but greatly improve
applied, some serious disadvantages may toughness at low temperatures through
result. For example, variations in the N grain refinement. We support this func-
and S contents may reduce the Ti avail- tion through addition of small amounts
able for precipitation hardening of Nb.

We have found that under certain
Tias= Titotai- 3.4N - 3S - conditions we can estimate the amount

TiCsttaln-induced. of strain-induced carbides in hot strip
from the ladle analysis and the rolling
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0 25 10 35 40 45 0 5 &0 5 70 Fig. 7 - Calculated yield streo gth as a

- ['c~ll~n function of intermediate rolli te: per-r TLk 9C. ature

Fig. 6 Percentage of strain-induced with a minimum y of 500 It
TiC precipitation as a function of relates the rolling temperature the
supersaturation at intermediate rolling last intermediate stand before entering
temperature the finishing train to the YS which is

to be expected from the hardest and thetemperature at the last intermediate weakest possible combination of elements
stand before entering the finishing within the alloy specification. Since
train. The solubility limit for TiC is four elements are significantly invol-
reached at about this point of the ved, the probability of reaching such anrolling process. No strain-induced pro- extreme combination is small, so that
cipitation can take place before this the variations of strength due to chan-point, all of it takes place afterwards, ges in chemical composition should beand the amount depends un the de~res of contained within the indicated limits.
supersaturation (Fig. 6) . This treatment As can be seen, this is indeed the case
assumes that total deformation, strain except for the systematic displacementrate and temperature at and after the to higher strengths due to the safety
last intermediate stand has reached a factor discussed above. For the produc-steady state in which all relevant tion run documented in this figure, the
parameters are constant. That this is coiling temperatures were held essen-
not exactly the case is shown by the tially constant at a level which assures
broad scatter band in the figure in maximum dispersion hardening.
which the ordinate of the points has A STAD can be used to determine thebeen determined through chemical analy- optimum rolling temperature at thesis using the following equation: intermediate stand and also to investi-

gate the effects of changes in chemicalTist,ajn-Iuduced = Tilolai - 3.4N -composition, but it is not appropiate
Ti, cid-soI~bie .for control purposes, since the possi-

bilities of regulating the rolling tem-It assumes that all N is bound up by Ti peratures in the hot strip mill are veryand that S has been eliminated or bound limited. Fine tuning of the strength
up by other means. properties to reduce scatter can be more

The empirical data collected in effectively achieved by changing theFig. 6 can now be used to calculate the coiling temperature. Fig. 8 shows how
amount of strain induced carbides and dispersion hardening is reduced withtherefore the acid soluble content. For increasing coiling temperature so that
this we use the center line of the the CT can be adjusted to compensate
scatter band in Fig. 6. We can now read for variations in chemical composition.
the expected YS from a diagram like Fig. To determine how these measures are
5. In this case we use the lower bound reflected in production practice, the
of the scatter band, because we need a mechanical properties of a random sample
safety factor to make sure that the of eight coils from four different melts
somewhat colder edges of the strip also were examined at five different posi-reach the required minimum YS. tions along the strip length, Fig. 9. We

Fig. 7 shows the results of this can see that consistency of properties
procedure, which we call a Strength- over the length of the strips is very
Temperature-Alloy Diagram for a steel good in a given direction, but there is
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0 3. Normalizing-rolled steels.

C N T1 Nb
640 0 I0,0/0% 0.00./008% 0,I0,11% 0015I0,025% The conventional normalizing anneal

of HSuA steels can be replaced under
600 nrd [ specific conditions by an appropiate hot

E560-- q rolling scheme. One advantage of norma-
lizing-rolled steels is that they may be
heat-treated at any time, as in repair
work, without any great changes in pro-

40 -perties. Another is that surface quality
in the as-rolled state is much better

440 than after normalizing. Such steels can
U N9fTiI i Nb also be processed directly from the

400 coil.
Normalizing-rolled steels are char-

560 580 600 20 640 660 680 700 72 740 780 820 acterized in a German specification'' as
Coitig teferoture.C having a YS in the as-rolled condition

Fig. - Calculated yield strength as a which does not differ more than by 60
t N/mm 2  from the YS in the normalized

function of coiling temperature state. This is a difficult condition to

also a systematic difference between meet, especially if account has to be
longitudinal and transverse YS due to taken of differing degrees of N fixation
rolling texture. This can be reduced in the two states. We avoid this problem
using higher rolling temperatures, but by adding Ti in slightly overstoichio-
cannot be totally eliminated, which, of metric quantities and obtain therefore
course, increases total scatter. Never- also a limited amount of dispersion
theless, these are highly satisfactory hardening. In addition very small
results, if we consider that for higher amounts of Nb and some V are added in
strength steels, the shape of the STAD such proportions that grain size and
is such, that a change in rolling tempe- dispersion hardening of the two states
rature has a much greater effect on are essentially the same.
mechanical properties than for lower With this alloying concept the
strength steels. lines in the STAD are nearly horizontal

in the interval of practical rolling
temperatures and the limited dispersion

thickness 9mm hardening in the as-rolled state corres-

"650 ponds very well with the degree of
dispersion hardening in the normalizedstate. Fig. 10 shows a statistical eval-

600 9. 91 ' / mruI~ .
L 7 5n o r r i a l Z e d n o r r o h / e

TFeH_ :"i ~ mlizg / mTtIngrr--~ 4 rolled rled-- - 84-/

S - transverse -- longitudiinal

26 //ROReH
~24/

0/ lonptudinal ---
1- - 2,5 /// transverse-

lead 25% center 75'% tral I L I I
340 3 420 4 5010 540 580 620-strip length -~-- Y~(d strength i ond U.TS Rm, .N/rrmr2

Fig. 9 - Distribution of mechanical
properties of thermomechanically hot- Fig. 10 - Distribution of strengthproperties for normalizing-rolled steels
rolled steel over strip 'ength and subsequently normalized steels
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uation of a production run of about
10 000 t of normalizing-rolled steel
with a minimum YS of 355 N/mm2 in 100
thicknesses between 6 and 8 mm. As can Contin annealing
be seen, scatter is greater for the as-
rolled state. The difference of the 8 O
means of YS and UTS between normalized ".... -.. d
and normalizing-rolled steels is 50 and 0 5 - 0 -/0
32 N/mm2  respecctively. In a further Z 5 450development of this technique, it was /a M
found that after increasing roiling term- V 7
peratures and simultaneously reducing
the cooling rate on the run-out table,the difference in the grain sizes of the k 0 I

two states was considerably reduced. htsnp 780 810 840 BM
Since the latter measure leads to higher Annealing tenperatre°C
CT, a certain amount of dispersion hard-
ening is eliminated in the coil. This Fig. 12 - Reduction of acid-soluble
makes it possible to reduce thc :iffcr- micro-alloying elements
ences in properties drastically, even to
the extent that YS and UTS of the
normalized state lie above the values the content of acid-soluble microal-
for the as-rolled state. Fia. 11. loying elements decreases as the an-

50 nealing teperature increases". • This is

Rm a direct consequence of the reduction of
the amount of very fine precipitates

5W - through coarsening, since only these
fine precipitates are acid-soluble. ColdID reduction also affects precipitation

43normallzd norfollZir rolld hardening, because a higher dislocation
density accelerates diffusion and par-

400 ReH ticle coarsening. The strengthening
_ effect of microalloying elements in

Scold-rolled steels depends, therefore.
35 only to a snmall degree on dispersion

Nhardening and is based instead on the

300 I extremely strong grain-refining effect,
lead center trail which is nearly independent of the

degree of cold-reduction.
strip (e|h--- However, the degree of cold-reduc-

tion has great importance in how it
Fig. 11 - Comparison of the strength affects the degree of recrystallisation
properties of a normalizing-rolled steel of microalloyed steels. Depending on the
and subsequently normalized steel specific steel composition of HSLA-

steels, recrystallization kinetics may
create strength variations in the an-
nealed condition. This is demonstrated

4. Cold-rolled steels by a HSLA/ Ti+Nb steel (0.06% C, 0.9C%

Mn, 0.02% Nb, 0.08% Ti), which exhibits
Besides the factors which have a very sluggish recrystallization (Fig.

already been discussed - chenic:al com- 13). Both under batch-annealing and con-
position and control of rolling and tinuous-annealing conditions, different
coiling temperatures - other important strength levels can be realized, depen-
parameters have to be consirlered in th, ding on the selected temperature.
production of cold-rolled high-strength Strength levels above the as hot-roiled
steels. They are, first of all, the condition indicate, that recrystallisa-
degree of cold reduction and annealing tion has been substantially retarded.
temperature. Even in the case of high annealing

Cold-rolled microalloyed steels temperatures, cold-reductions above 30%
have a much lower degree of dispersion are necessary to produce significant
hardening than hot rolled steels. The recrystallisation effects. Only an exact
reason for this is the coarsening of the knowledge of the interaction between
coherent precipitates during annealing, cold-reduction and annealing cycle can
Using the annealing process during con- provide procedures for a successful pro-
tinuous hot-dip galvanizing as an duction. In the manufactur of high-
example, we can see from Fig. 12 that strength, highly formable continuous

342



(

900r Because of these problems, we useBA 550C rephosphorized steels for the production

800k HSLL - of continuous hot-dip galvanized steels

70 -- B--

- E o CA 0,01% C
Z;. -CA 840 0

C E_c 500 - - BA 7000C 2 0 -

aO Botch annechng i cc=)

300 3-m
o C ont onnPo/rig Ck:

: , M
Hot 10 20 30 40 50 50 70 80 90

Tolled Cold reduclion 5,% V OCA IF

Fig. 13 - Influence of cold reduction C h v l
and annealing cycle on tensile strength CA W4 golvoniznlne
of cold-rolled HSLA steel ia B h wreing
hot-dip galvanized steels, for example, 0 0,02 0,0 0,6 ON 0,1
there are limits to the process parame- Rw laisscontent,%
ters which must be controlled, if we are
to achieve a given conbination of pro-
perties. With increasing Nb-content Fig. 15 Influence of P-content on
strength increases and recrystallisation yield strength of cold-rolled strip
temperature also, as can be seen from
the right boundary of the shaded field
in Fig. 141 3

. On the other hand, at with a minimum YS up to 350 N/mm2 . These
extremely high annealing temperatures steels were originally developed for
a reduction of dispersion hardening batch annealing so that a considerable
results which above 800CC is unaccept- amount of know-how was available.
ably high. Both of these boundaries, Nevertheless, we found that the harden-
specially the one between the fully ing effect of phosphorus differs not
recrystallized and the partially recrys- only between batch annealing and contin-
tallized fields, can be moved by chan- uous annealing but also for different
ging the degree of cold-reduction. grades of steels (Fig.15) . For example,

900 it is found that batch annealed cold-
rolled strip undergoes a yield strength
increase of about 7.5 N/mm2  for every
0.01% of added P. A comparable value is

850 determined following annealing in a con-
reduction of precipitation tinuous furnace comprising in-line over-

he ageing. However, the yield strength
o increase is greater following hot-dip
S800 galvanizing and subsequent overageing in

800 'a batch annealing furnace. We suspect
fully that this is attributable to an interac-

j ecstion of P and C which leads to a finerCL recrystallized precipitation distribution of carbides.
The solid solution hardening effect of P

partially recrystallized in continuous annealed IF-steel is com-
S parable to batch annealed steels, which
) 700 is consistent with this explanation.

Using this physical-metallurgical
information it is possible to achieve a
more efficient control of the manufac-

650 turing process to reduce the scatter of
properties. This is necessary in order
to increase the use of these steels

,effect of cold rfir reducio beyond the level reached up to now.
500 \ I \ \ \ \ \ \ High-strength, continuously hot-dip gal-

0 001 002 003 004 005 vanized steels are used in cars not only
Nb-content/. to reduce weight but also because of

their superior corrosion resistance.
Fig. 14 - Limits for continuous anneal- Beidesuaehih levelsof resiuality,

ing f N-iniroaloye stelsBesides a high level of surface quality,
fabricators are demanding much narrower
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1. With multi-alloying in Ti steels it Laboratory, Denmark.

is possible to reduce the alloying func-

tions of Ti, so that scatter of proper-

ties is diminished.
2. The development of Strength-Temper-

ature-Alloy Diagrams allows the selec-

tion of the optimum rolling temperature

for a steel of given composition. Small

variations in composition can be compen-

sated by changing the coiling temper-

ature to adjust dispersion hardening.

3. Both the degree of cold-rolling and

the annealing temperature affect the

degree of recrystallisation and the loss

of dispersion hardening through particle

coarsening. Control of these twG factors

reduces scatter.
4. Adapting the P-addition to the

annealing process and the steel type

permits the production of hot-dip galva-

nized sheet with a minimum YS of 260

N/mm 2  and a standard deviation nearly

equivalent to that of DDQ.
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HIGH-STRENGTH COLD-ROLLED
SHEET FOR AUTOMOBILES

Kennet Olsson, Karl-Inge Nilsson
Swedish Steel Strip Products
S-781 84 Borlange, Sweden

ABSTRACT deep drawability (8-10). Yield strength levels
of produced steel grades are 220 MPa and 260

A range cf niobium microalloyed high-strength MPa. These grades can be used for exposed and
steel grades for production of cold-rolled nonexposed components when formability demands
continuously annealed steel sheet has been de- are almost equal to the level of mild DDQ steel.
veloped. The steel grades involved are ultra low In order to increase the yield strength to
carbon rephosphorized steels, precipitation- a minimum value ranging from 280 MPa up to 420
strengthe ned steels, and dual phase steels. The MPa niobium is used for precipitation-strengthe-
ultra low carbon rephosphorized steels are su- ning and grain refinement. These steels are
perior in deepdrawing and stretchforming which excellent in uniformity compared to conventional
means they can easily replace mild steels. The batch-annealed steels which makes them very use-
precipitation- strengthened steels have the ad- ful in the forming of beams and other structural
vantage of very uniform mechanical properties members where variations in springback has been
and excellent bendability. With the dual-phase a great problem in the past.
steels very high strength levels can be achiev- To reach the yield strength level 550 MPa
ed. All grades have special applications in the niobium microalloying is used for precipitation-
automotive industry from outer body panels to strengthening and grain refinement in combi-
bumper reinforcements and door impact beams, nation with a dual-phase microstructure. This

steel has been developed for safety components
HIGH-STRENGTH COLD-ROLLED steel sheet is like door impact beams and bumpers. Bendability

used for automotive application mainly because has been reported to be improved by the micro-
weight reduction is important for reduction of alloying compared to nonmicroalloyed grades of
fuel consumption. At the same time as the weight the same strength level (11).
of a component can be reduced its strength is This paper describes the relationsships be-
increased which makes it possible to meet tween processing, microstructure, and mechanical
tougher safety standards, properties for the different types of micro-

When a mild steel grade is replaced by a alloyed high-strength cold-rolled steel sheet
high-strength steel grade formability and welda- produced at SSAB. Results are reported from both
bility of the high-strength steel must be good laboratory annealing experiments and full-scale
enough to make the part. The new way to increase commercial production.
formability and weldability of high-strength
steel sheet is to produce the sheet by conti- MANUFACTURING PARAMETERS
nuous annealing. An excellent annealing tempera-
ture control and a short annealing time makes it The processing which is schematically
possible to produce high-strength steel sheet shown in Fig. I involves steelmaking, hot-
with very uniform mechanical properties and rolling, cold-rolling, and continuous annealing
leaner alloying contents which improves welda- in a water-quenching type NKK CAL.
bility (1-7).

At SSAB microalloying with niobium has been CHEMICAL COMPOSITION - The chemical base
used for development of ultra low carbon rephos- composition is shown in Table 1.
phorized steels, precipitation strengthened DOCOL 220 RP-X and DOCOL 260 RP-X are re-
steels, and dual-phase steels. phosphorized steels with ultra low carbon

In the ultra low carbon rephosphorized content which is achieved by RH degassing. The
steels niobium is used to stabilize carbon as higher yield strength in the grade DOCOL 260
niobium carbides. These steels have excellent RP-X is obtained by an increased solid solution
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Table 1 - Chemical Base Composition in Weight-%

Grade C Si Mn P S Al Nb

DOCOL 220 RP-X 0.003 0.01 0.15 0.070 0.010 0.040 0.025
DOCOL 260 RP-X 0.003 0.01 0.30 0.090 0.010 0.040 0.025
DOCOL 280 YP 0.05 0.01 0.40 0.010 0.010 0.050 0.020
DOCOL 350 YP 0.05 0.20 0.40 0.010 0.010 0.050 0.030
DOCOL 420 YP 0.05 0.40 1.00 0.010 0.010 0.050 0.040
DOCOL 550 YP 0.12 0.50 1.50 0.010 0.002 0.050 0.030

is important for the deep drawability. The hot-
band thickness is between 4.2 mm and 4.5 mm
depending on steel grade for a final cold-rolled

CONTINUOUS CASTING thickness of 1.50 mm.
In the case of the DOCOL YP grades, reheat-

ing at 12500C is necessary to be sure that all
SLAB REHEATING niobium precipitations in the cast slabs are

I dissolved. The finishing temperature interval
C L O830-900°C is intended to be as low as possible

CONTROLLED ROLLING in the austenite region to nucleate a ferrite
grain size after recrystallization which is as

CONTROLLED COOLING Ifine as possible. The coiling temperature 6000 C
is found to be most effective for precipitation

7 lof niobium carbonitrides. For a fina] cold-
PICKLING 1rolled thickness of 1.50 mm, the hot-bands are

rolled to a thickness between 3.4 mm and 3.6 mm
C RLdepending on strength level.

COLD ROLLING
__ COLD-ROLLING - After removal of the oxide

scale the hot-bands are cold-rolled in a five-
CONTINUOUS ANNEALING stand tandem mill with a six-high final stand.

Cold reductions are listed in Table 3. The
difference in cold reduction between the diffe-

Figure 1 - Manufacturing steps for rent grades depends on a ' ifference in hot-band
continuously annealed steel sheet, strength. The cold reduction should be as high

as possible because the r-value of the DOCOL
hardening by manganese and phosphorus. Nb micro- RP-X grades and the final grain size of the
alloying is used for stabilizing of C. DOCOL YP grades (3) after recrystallization are

DOCOL 280 YP, DOCOL 350 YP, and DOCOL 420 strongly dependant on this parameter.
YP are low carbon aluminium or silicon-aluminium
killed steels which are grain refined and preci- Table 2 - Hot-Rolling Temperatures
pitation hardened by niobium microalloying.
Silicon and manganese are used for solid Grade Reheating Finishig Coiling
solution hardening in addition to the precipi- temp. temp. temp.
tation hardening effect by niobium. (0C) (°C) (0C)

DOCOL 550 YP is a silicon-aluminium killed
and niobium microalloyed steel with increased DOCOL RP-X 1250 860-940 730
contents of carbon and manganese. This steel is DOCOL YP 1250 830-900 600
a dual-phase steel which is precipitation harde-
ned by niobium precipitates to increase the
yield strength and refine the grain size. The
increased manganese content is intended for Table 3 - Cold Reductions
further grain refinement and increased hardena-
bility to cause a dual-phase microstructure of Grade Ccld Cold
precipitation hardened ferrite and martensite. reduction rolled thickness
Sulphur content is kept low for increased forma- (%) (mm)
bility in bending.

DOCOL 220 RP-X 67 1.50
HOT-ROLLING - Hot rolling temperatures are DOCOL 260 RP-X 64 1.50

listed in Table 2. The DOCOL RP-X grades are re- DOCOL 280 YP 58 1.50
heated at 12500 C, followed by high finishing and DOCOL 350 YP 58 1.50
coiling temperatures which is favourable for DOCOL 420 YP 57 1.50
precipitation of aluminium nitrides and niobium DOCOL 550 YP 57 1.50
carbides. The stabilizing of nitrogen and carbon
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Table 4 - Continuous Annealing Temperatures

Grade Annealing Quenching Overaqing
temp. temp. temp.
(C) (C) (C)

DOCOL RP-X 830 530 200
DOCOL 280 YP 750 570 400
DOCOL 350 YP 750 570 400
DOCOL 420 YP 750 570 400
DOCOL 550 YP 800 780-800 300

CONTINUOUS ANNEALING - Typical continuousI/
annealing temperatures are shown in Table 4. The

annealing temperature is high for the DOCOL RP-X
grades, 830 0 C, because a high annealing tempera- e c

ture results in a high r-value. As almost all
carbon is stabilized by niobium the overaging
temperature can be kept low, 2000 C, for these
grades.

The precipitation strengthened steels DOCOL
280 YP, DOCOL 350 YP, and DOCOL 420 YP are typi-
cally annealed at 750°C/2 min. to get a recry-
stallized ferrite after cold-rolling. The annea-
ling is followed by air-cooling down to 570°C, , --- _'

0
water-quenching, and overaging at 400 C/2 min.
The overaging treatment is used to precipitate
solute carbon from the ferrite matrix which
increases the aging resistance. Figure 2 - Thermal profiles for labora-

In the case of the dual-phase steel DOCOL tory simulation of continuous annealing.
550 YP annealing is typically performed at
80n C12 min. to create a dual-phase microstruc-
ture of ferrite and austenite. The austenite is
transformed to martensite during water-quenching "Il-,,10. E6(A,,I

from a temperature as near the annealing tempera-
ture as possible. The overaging treatment is
300 C/2 min. At this temperature the solute car-
bon in the ferrite is decreased and the marten-
site becomes softer which increases both ductili-
ty and bendability (11). -

The two different thermal profiles used for -6

laboratory simulation of the continuous anneal-
ing process are schematically shown i Fig. 2. /
The important parameters are annealing tempera-
ture, TA, quenching temperature, T Q, and overag-
ing temperature, TA. O---

The temperatures n the full scale conti- RIM
nuous annealing line have been determined from
the laboratory annealing results. The air coo-
ling between annealing temperature and water-
quenching temperature is in full scale annealing
replaced by gas-jet cooling with almost the same
cooling rate.

MICROSTRUCTURE AND MECHANICAL PROPERTIES 1, ,0 7, 0

LABORATORY SIMULATION OF CONTINUOUS ANNEAL-
ING - As shown in Fig 3. for the ferritic- Figure 3 - Mechanical properties after
pearlitic steel DOCOL 420 YP yield and tensile laboratory simulated continuous anneal-
strengths are only slightly decraesing with in- ing of DOCOL 420 YP.
creasing annealing temperature after annealing
between 6750 C and 8000 C for 2 minutes. Elonga- indicates that the recrystallization is not
tion values are increasing with increasing complete at temperatures up to 7000 C which is
annealing temperature, especially in the inter- the explanation to low ductility. The carbon
val 675-7250 C. The corresponding microstructure rich phase changes from spheroidized cementite
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FULL SCALE CONTINUOUS ANNEALING - The

at 675 0C to grain boundary situated pearlite at microstructure after continuous annealing of the
800 C. The pearlite is formed during air cooling DOCOL RP-X grades is ferrite with a high amount
from the ferrite-austenite region down to the of preferable (111) recrystallization texture.
quenching temperature 5700 C. The ferrite grain The ferrite grain size is about 10 um.
size is not changed dramatically even after The precipitation-strengthened steel grades
annealing at 800 C which explains why the yield DOCOL 280 YP, DOCOL 350 YP, and DOCOL 420 YP are
strength is quite insensitive to the annealing annealed within the ferrite-austenite region
temperature. The slight decrease in strength which results in a microstructure of ferrite and
which is observed ought to be connected with a pearlite. The ferrite grain size is about 6-8
decrease in precipitation hardening at higher um. In the steel DOCOL 550 YP, which is annealed
annealing temperature. The most favourable and quenched from a high temperature, the micro-
annealing temperature for this ferritic-pearli- structure is ferrite and about 30% martensite.
tic steel seems to be around 750°C because duc- The martensite is dark because of a tempering
tility becomes too low at lower annealing temp- temperature of about 3000 C. The ferrite grain
eratures due to an incomplete recrystallization, size is about 8 um.

In the case of the dual-phase steel DOCOL Typical microstructures are exemplified in
550 YP both yield and tensile strengths are in- Fig. 5 for the grades DOCOL 220 RP-X, DOCOL 350
creasing with increasing annealing temperature YP, and DOCOL 550 YP.
after annealing between 7250C and 8500C for 2
minutes, see Fig. 4. Ductility decreases in the
same temperature interval depending on an in-
creased amount of martensite. The martensite
fraction ip'reases from 30% at the annealing
temperature 7250C to 96% at 8500C annealing
temperature. The most favourable annealing temp-
erature range seems to be between 7500C and
800 C because yield and tensile strengths become
too low at lower annealing temperature and duc-
tility is deteriorated at higher annealing temp- •
erature.

(a)

4.

Figues -~ - ~(b)

............. 0 (c)

Figure 5 -Microstructure after full
Figure 4 - Mechanical properties after scale continuous annealing. (a) DOCOL
laboratory simulated continuous annealing 220 RP-X, (b) DOCOL 350 YP, and (c)
of DOCOL 550 YP. DOCOL 550 YP.
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Table 5 - Typical Mechanical Properties Table 6 - Uniformity of DOCOL 350 YP

Grade Yield Tensile Elon- n r Coil no Yield Tensile Elongation

strength strength gation strength strength
(MPa) (MPa) (%,80 mm) (MPa) (MPa) (%, 80 nm)

Mild DDQ 190 311 43 0.23 1.8 1 380 486 25
DOCOL 383 478 24
220 RP-X 250 370 37 0.23 2.0
DOCOL 2 374 473 28
260 RP-X 280 400 35 0.23 1.8 382 479 26

3 380 480 26
Typical mechanical properties for DOCOL 381 479 26

RP-X are shown in Table 5. The properties of
conventional low carbon continuously annealed 4 382 483 26
mild DDQ steel are given as a reference. It can 381 479 25
be concluded that in spite of much higher yield
and tensile strengths, both n-values and r- 5 381 482 26
values of DOCOL RP-X are comparable to those of 387 478 30
the mild DDQ steel. This means that mild DDQ
steel can be repaced by these high-strength Mean value 381 480 26
grades without pressforming problems.

Fig. 6 shows mechanical properties for the Standard
DOCOL YP grades. Elongation values are decreas- deviation +3 +4 +2
ing with increasing strength which means that

the highest strength levels can not be usea for
difficult pressforming operations. Depending on a spread in chemical composi-

However, in the applications which DOCOL YP tion between different heats the spread in yield
grades are used for variations in springback is strength is increased to a total value of maxi-
the main problem which means that consistent mum 60 MPa for DOCOL RP-X and maximum 70 MPa for
mechanical properties is very important. The DOCOL YP between several coils from several
uniformity in mechanical properties which is heats.
possible to obtain by the continuous annealing
process is shown in Table 6. The tensile testing WORK HARDENING AND BAKE HARDENING
specimens were taken from the first and last end
of five coils of the grade DOCOL 350 YP in the In order to increase the yield strength
thickness 1.60 mm. The total weight of the coils, further it is easy to obtain bake hardening pro-
which were from the same heat, was 100 tons. perties in ultra low carbon grades if niobium is

E-D AID '(1-E 5 ENG- Kused as stabilizing addition. Bake hardenability
* increases if the annealing temperature is in-

:0 K: I IANNEAfD creased to a temperature over 830 C to cause a
partial dissolution of the niobium carbides. r-

E ~value is still high because the recrystalli-

zation texture is fully developed before the
dissolution of niobium carbides starts (8). In
the DOCOL RP-X grades it is possible to increase
the yield strength by about 30-40 MPa through 2%
prestrain plus baking at 1700 C for 2 min. with-
out predeformation there is no increase in yield
strength by baking which means that the steel is
free from aging in non-pressformed condition.

In the ferritic-pearlitic grades DOCOL 280
YP, DOCOL 350 YP, and DOCOL 420 YP, the increase
in yield strungth which is possible to obtain by
2% predeformation plus baking at 170°C for 20
min. is limited to about 70 MPa.

The work hardening and bake hardening pro-

perties for the dual phase steel grade DOCOL 550
YP are illustrated in Fig. 7. From a yield
strength level of 570 MPa the steel has work
hardened by an amount of 160 MPa after 2% prede-

,N , , formation. If the steel is baked at 170 C for 20
min. the yield strength is further increased by

Figure 6 - Mechanical properties about 70 MPa. This means that the yield strength
after continuous annealing, of this steel grade can be increased to about
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Table 7 - Deepdrawability, stretchformability,
and bendability

Grade MDF H/d Bend mandrel
diameter
1800

Mild DDQ 2.19 0.35 0 x t
DOCOL 220 RP-X 2.24 0.36 0 x t
DOCOL 350 YP 2.03 0.33 0 x t
DOCOL 550 YP 1.99 0.31 0 x t

All grades mentioned in this paper can be
bent 180 with a very small bending radius. One
exception is DOCOL 550 YP where the bend mandrel
diameter must be limited to 1.0 x t as a result
of the high strength level.

Both DOCOL RP-X and DOCOL YP grades can be
easily welded with conventional welding methods.
The continuous annealing technology makes it
possible to decrease alloying contents compared
to conventional batch annealing which improves
the welding properties.

APPLICATIONS

Figure 7 - Work hardening and bake
hardening properties of DOCOL 550 YP. The DOCOL RP-X grades have typical appli-

cations in both outer panels and non-exposed
800 MPa after press forming and baking at a parts. The great advantage is that an increased
temperature which is common in the automotive strength can be obtained without decreasing
industry for drying of the paint coating. The formability. This type of steel can be used to
reason for the high work hardenability is the replace mild DDQ steel even in very difficult
fast generation of dislocations around marten- pressforming operations. The limitation is that
site islands caused by the hardness difference the highest minimum yield strength which is pro-
between the hard martensite and the soft duced today is 260 MPa.
ferrite. The increase in yield strength by bake Higher yield strengths are often needed for
hardening is caused by a decoration of dislo- different parts like side members, cross mem-
cations by solute carbon. bers, seat reinforcements, and other types of

inner reinforcements. In these applications an
FORMABILITY AND WELDABILITY excellent bendability and a high consistency in

mechanical properties for minimum variations in
Table 7 shows some results from laboratory springback are important. The DOCOL YP grades

formability tests for different steel grades, with minimum yield strength 280 MPa, 350 MPa,
MDF is the maximum draw ratio defined by the and 420 MPa are very suitable for these types of
maximum diameter of a round blanket which can be applications.
deepdrawn to a cup without cracks, divided with The highest demands on yield strength are
the punch diameter 100 mm. H/d is the maximum found in safety details like bumper reinforce-
dome height which can be obteined in stretching ments and door impact beams. DOCOL 550 YP has
divided with the punch diameter 100 mm. The been developed to meet these demands.
sheet thickness, t, was 0.7-1.0 mm in the MDF Some examples of pressformed components can
and H/d tests. be seen in Fig. 8.

It can be concluded from Table 7 that DOCOL
220 RP-X is even better than a conventional mild SUMMARY AND CONCLUSIONS
DDQ grade in deepdrawing and stretchforming.
This conclusion is in good correlation with the Continuously annealed high-strength cold-
high r- and n-values obtained in this grade, rolled steel sheets microalloyed with niobium

The DOCOL YP grades have a limited deep- are successfully produced in full scale. The
drawability and stretchformability which also following key conclusions can be pointed out
corresponds to lower r-values than in DOCOL RP-X from laboratory experiments and full scale pro-
grades. One important conclusion from Table 7 is duction experience:
that in spite of a much higher strength in DOCOL 1. Ultra low carbon steels solution hardened
550 YP, the MDF value is almost at the same with phosphorus are excellent in both deep-
level as in DOCOL 350 YP. This follows from the drawing and stretchforming operations. Minimum
fact that the r-value is about 1.0 in both yield strength is 220-260 MPa.
grades.
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Summary

With microalloyed fine-grain structural

The study on hand is to clarify to steels, such a cold strip is subjected
what extent the control of the hot- to recrystallization annealing after
rolling parameters (finishing tempera- cold deformation as a rule. This, how-
ture, final deformation degree, coi- ever, results in a substantial loss of
ling temperature) of thermomechanical- all those mechanical properties which
ly treated niobium-microalloyed fine were achieved by the thermomechanical
grain structural steel will allow an process.
optimization of mechanical characteris- The study on hand focusses on recrystal-
tics. To this end, the impact of the lization annealing of cold worked hot
hot-rolling parameters on the precipi-taton nd ecrstaliztio beaviur strip material, which is performed in a
tation and recrystallization behaviour temperature range in which niobium car-

of the hot strip in a subsequent heat bonitrides are precipitated, in order to
treatment was studied. In respect of bntie r rcpttd nodrt

clarify whether or not a combination of
controlled rolling parameters (fini- microstructure recovery, recrystalliza-
shing temperature TF1 final deformati- tion and precipitation hardening proces-
on degree 6 F and coiling temperature ses will take place which, in their sum
T C ) it was found that, with a cold total, will compensate or even overcom-

deformation of the hot strip by 20 %and ubseuent recystalizaion pensate the softening effects uf the
and subsequent recrystallization recrystallization processes. If so, this

annealing at 550, 600 and 650°C, the would allow to adjust associated process
loss in strength of the cold strip wudallow toaiate process
induced by microstructure recovery and parameters appropriately for optimum
recrystallization processes can be strength characteristics.
clearly compensated in part by preci- The test method used differs from con-
pitation hardening effected by niobium ventional production of cold strips from
as the microalloying element. The niobium-microalloyed fine-grain steels
study shows the feasibility and re- and involves modification of process
strictions of strength enhancement in parameters. Cold coiling of the strip
the subsequent heat treatment. (T <l 500°C after hot-rolling) is

applieu to prevent complete precipita-
tion hardening, thus retaining a resi-

Introduction dual aging potential. After cold
rolling, such a material is subjected to

Today's hot-rolled strips feature a a subsequent heat treatment which
high surface quality so that suitable achieves a overlapping of recovery,
hot-rolled products are often substi- recrystallization and precipitation har-
tuLvd for conventional cold-strip gra- dening. The recovery-induced softening
des. However, there still are numerous setting in rapidly is counteracted by
applications which require cold-rolled the formation of further niobium pLeci-
products, i.e. with the surface quali- pitates in the ferrite during this heat
ty of the cold strip, treatment of the cold strip (1, 2, 3).
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Hot-rolling parameters (finishing tem- Figure 1 gives an overview on the most
perature, final deformation degree) important processes occurring in the
are varied in order to modify ini- hot strip during thermomechanical pro-
tial conditions in such a way as to duction (4,5). fhese metallurgical
obtain optimum properties with as good processes take place concurrently from
a combination of high strength and austenitizing of the material in the
high ductility as possible after this pusher furnace via hot deformation to
treatment combining cold rolling and subsequent cooling in the cooling sec-
subsequent annealing. tion and coil. They overlap in time

and influence each other. The mode of
Such materials will be attractive for action of microalloying elements (like
industry, since cold rolling plus Nb, Ti and V) and application of suit-
thermal after-treatment will allow to able deformation technology allow to
preset or "standardize" a condition effect tailored conditions in term. of
which cannot be achieved except by grain refinement, agehardening and
additional upgrading of carbon steels. transfer of the substructure of the
Yield strengths of c. 650 N/mm 2 and hot-deformed austenite to the trans-
tensile strengths of c. 700 N/mm2 at formation structure (6, 7).

elongations (A5) of c. 18 % and over

can be achieved with such a procedure.

Thermomechanical Treatment Production of Hot Strip

In principle, thermomechanical rolling Figure 2 shows the chemical composi-
means a procedure involving targeted tion of the alloy used. Al-killed con-
setting and matching of temperatures tinuous-cast slabs from a single smel-
and deformation conditions throughout ting charge were available for appli-
"he whole orocess. The outrome is a cation in the hot-rollinq mill. The
favourable combination of materials chemical composition of this low-fer-
properties already achieved in the as- rite steel shows strongly reduced con-
rolled condition which, as a rule, tents of sulphur and phosphorus and
dispenses with any subsequent heat has no microalloying elements other
treatment of the hot strip, than niobium.

The term of thermomechanically rolled
steels emerged in the development of
microalloyed fine-grain steels. Ther-
momechanical rolling allows to use C Si Mn P S Al Nb N Cu Cr Ni
sophisticated automatic process con-
trol for targeted setting and monito- A,B,C,D, 0.09 0.03 0,72 0.011 0.002 0,049 0 0.008 0.020.02 0.02

ring of rolling temperatures, deforma- E,F,G
tion degress and cooling rates after
hot-rolling so that defined and repro-
ducible materials conditions can be Fig. 2: Hot strip composition
set to obtain after cooling of the (in weight percent)
rolled product in coil.

The material was thermomechanically
ANNEALVF T O M, rolled on tne medium-strip rolling
URNAr[ STAND A, onmdimsti

mill of the Hoesch Hohenlimburg AG
company. This medium-strip rolling

. mill comprises a reversing preroll
stand and 2 two-high and 7 four-high

_____roll stands in the continuous working
F,,_oAusten , / section, an, is equipped with a pro-

Austen tegraingoth. 1cess automation system. The laminar

cooling section is equipped with 50Oissoluton of Peciptates Precptton individually controlled elements and
Work Hardeing o : is also integrated with the computer

Work. Hordenioq (Defornmotioo)

• oI ... system thus allowing necessary control
Removol of 'oNo ,dening (Rec ,,itio v eco .7) 1 actions to be performed anytime and
I I --Hill aywherc ir. thc li.z. Sc'.-n 2iffcrent

y--l Traonsformaion hot-rolling variations were set for

the production of hot strips A - G
Fig. 1: TM-Production of hot strip (4) (cf. fig. 3).
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Hot Dimension Anneoling Annealing Finishing Final Coiling Hot Strip Microstructure and
Strip (mm) Temp. ime Temp. Deform. Temp. Mechanical Properties

TAnn CC) TF CC CF (Z) TC CC)- Figure 5 gives an overview on the
A 390x3.5 1290 3h40' 850 20 490 grain sizes of the hot strips. Hot

B 390x3.5 1290 3h50' 900 12 490 strip A exhibits a very fine grain

I _ effected by the low finishing tempera-

C 390x3.5 1290 3h55' 900 20 490 ture of 850C.
All grain sizes of hot strips B - G

D 3903.5 1290 3h50' 900 20 590 are in the fine grain range and clas-
sify as sizes 11 and 12 according to

E 390x3.5 1290 3h50' 950 12 540 ASTM standard E 79-52. The grain size

F 390x3.5 1290 3h50' 930 12 490 of hot strip A classifies as 13.

390.3.5 1290 3h55' 930 t20 490 4.0

3.9.
3.8-

Fig. 3: Hot rolling parameters 3.7- 3.61 3.58
of test material 3.63 3.45

3.3. 3.16
Finishing temperature, final deforma- Lw 3.2

tion degree after the last rolling t .1
pass, and coiling temperature were z 2.9-

varied while maintaining the other < 2.8

hot-rolling parameters constant to a 0 2.7

large extent. A lowercd coil tempera-
ture of 490°C was revealed by earlier 24
studies to be optimal for further pro- 2.3

cessing of the hot strip (1,8,9). 2 C D E F
Rapid cooling of the strip down to HOT STRIP
this temperature level results in par-
tial suppression of the formation of
niobium precipitates in the ferrite -
a fact which can be used as residual Fig. 5: Grain size of hot strip
aging potential in recovery annealing
after cold rolling.

The mechanical properties of the
The hot strips A - G described in various hot strips are approximately
fig. 3 were subjected to cold deforma- the same. Mechanical testin_ yielded
tion by 20 % in total in two rolling the following data:
passes after thermomechanical treat-
ment. Subsequent recrystallization Tensile strength Rm: 550 - 750 N/mm2

treatment was effected in a bell fur- Yield point Re: 460 - 480 N/mm2

nace. Figure 4 shows a schematic re- Elongation A5: 29 - 30 %
presentation of the total production
of the cold strip though it should be In order to study the precipitation
mentioned that a skin pass roll redu- behaviour of the hot strips, they were
cing the strip by 1,2 % was included aged in a salt pot furnace at tempera-
after the heat treatment. ture levels of 550, 600, and 650'C and

at dwell times between 0 and 10,000,' .' E min. Hardness measurements (HV20) were

performed at regular intervals. The
S-....results are shown in figures 6 a-e.

A . .The low coiling temperature was found

_4) TC ..... oo - , produce strength enhancement in subse-
® co,(co.') quent heat treatment owing to the for-
CICiL I CEDE, mation of niobium carbonitride preci-

( c-,,,,, ... ,pitates which influence recrystalliza-
tion retardation and inhibit disloca-

1 . tion movement.

Fig. 4: Time-Temperature-DiagLam
of TM-treatment
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HOT STRIP C: 0.09%C.0.046.NbI. rA : 550% HOT STRIP G: 0.09%C,0.046%Nb,1• = TA 550"C
TF = 900-C, Tc 490C, = TA: 600C TF = 930C, TC = 4907C = TA 600"C

205 'E =20%. TA 650*C 205- F = 20., h= T 650*C

200- 200-
> 195- 

195-
- 190- 19

185- co 185-
LUJ V)z 180 80-

75 
175-

I170-
165 . .170 !

1 10 100 1000 10000 1 60 150 1600 10000
AGING TIME tA (min.) AGING TIME tA (min.)

HOT STRIP 8: 0.09%C,0.046%Nb • = TA 5500 Fig. 6 e: Hardness changes ofTF = 900"C, TC = 490'C, I TA  600'205T F = 120, T 4C = TA: 650 hot strip during aging

2oo-

>195- The hot strip with a higher coiling
zIo- 0temperature of 5900C (hot strip D)
o185- showed hardly any tendency to precipi-

1 80- tation hardening; neither did not
strip A with its low finishing tem-

17 perature.

1 10 I6o 1000 10000
AGING TIME tA (min.) Properties of the Cold Strip

Precipitation in niobium-microalloyed
HOT STRIP F: 0.09%C,0.046%Nb e = TA 550"C low-pearlite steels occurs at the same

TF = 930-C , TC  490'C, = TA 600"C temperatures as recrystallization

205 
t F = 12%, A =TA 650c does. Hence, the hot strip was cold-

200 deformed by 20 % and isothermally
0 195annealed in order to study the inter-> 195 action between carbonitride precipita-

S1;0tion and recrystallization and its in-
O 185 pact on mechanical properties.LU

180 Figure 7 shows the mechanical charac-0 175-1 7 teristics of the 20 % cold-deformed

i 170 strip with and without thermal after-
165 , ., treatment. It was found that, in de-

1 10 100 1000 10000 pendence from the hot rolling para-
AGING TIME tA (mi.) meters, a 12 h industrial heat treat-

ment in a bell furnace partially re-
HOT STRIP E: 0.09%0 •0.46%Nb * = TA 55000 sulted in a clear increase in tensile

T9500T = 5400,. = TA 600'C strength. In each of the cold-rolled
205. = 12. conditions, the yield point values
200- were found to decrease due to recovery1 2 and recrystallization processes indu-

(> 95ced by heat treatment, whereas tensileI 190 strength -nd elongation exhibited
U)185- higher values after heat treatment.
LUJz 180-

175-

I 170-

165'
1 10 100 1000 10000

AGING TIME tA (min.)

Fig. 6 a-d: Hardness changes of
hot strip during aging
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C Y" ' -- " "L -STI ---- . .. . "5.

740 T 5 ', T 4 '.T 0.
73250 F = 12%, &coId = 20%, A TA 650°C
720- __ __ __ __ __ _ __ __ __ __

TENILE STRENGTH69 4(pa) 60 > 240-

660 - 235-
650 Lr 2,30-

6620 Z 225 J

E F 220-

I

740. 215-
720 210 . .. ..-. 4,. .

710 1 10 100 1000 10000
700. AGING TIME tA (min.)

YIELD STRENGTH 9
Ia 70 Fig. 8: Hardness changes of cold

6strip E during isothermal
650 heat treatment
640
630

A 8 C E F G

ZFigure 8 depicts the influence an
isothermal heat treatment on the hard-

20 ness of strip E. It is shown, that

16 annealing at 550°C will led to higher
ELOGATION hardness values than the cold strip(2) 16 condition over the whole range of

14 reported annealing time (up to 0.000
min.). Even annealin at 650C showed

:2 an increase in hardness upto an annea-
10 ling time of 200 min.A 8 C D E F 6

WITHOUT WITHnc u in
AGN TREATET AGING TREATMNT Conclusions

Fig. 7: Mechanical properties of The results of these studies on the
cold strip influence of the hot-rolling para-

meters (finishing temperature, finalFigure 7 reveals, when taking the dif- deformation degree, coiling tempera-
ference of tensile strength increases ture) of niobium-microalloyed low-
in the course of heat treatment in ab- pearlite structural steel show that
solute terms, the highest strengths optimization of hot-rolling parameters
were found in the hot strips with the will allow to produce a microall~yed
lowest degree of deformation in the fine-grain structural steel which will
last rolling pass of 12 % (hot strips feature tensile strength values after
E, D and F). Higher finishing tempera- cold rolling and subsequent recrystal-
tures combined with a low deformation lization annealing, which will be
degree of 12 % in the list rolling higher than those of the cold-rolled
pass (hot strip E) were found to non-aged condition.
possess the greatest precipitation
potential for a subsequent heat treat- These favourable tensile strength va-
mrnt ot the cold strip. 'ihe absolute lues were due to precipitation harde-
values tor the increase of elongation ning via Niobium carbonitrides coun-
A5 for these conditions were remarkab- teracting and overcompensating the
le, too. effects of recovery and recrystallisa-

tion. These heat-treated cold-stripAt a 20 % deformation in the last roll conditions show markedly greater
stand, nor or only slight. strength in- toughness values thus indicating a
creases of the aged cold strip were enhanced safety reserve of the mate-
found. In the case of low finishing rial
temperatures (hot strip A ard C) the
strength of the 20 %-deformed niobium-
microalloyed material will decrease
after thermal treatment.
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MICROALLOYED STEELS FOR AUTOMOBILES-
DEVELOPMENTS AT TATA STEEL

M. D. Maheshwari, A. N. Mitra, T. Mukherjee, J. J. Irani
The Tata Iron & Steel Co. Ltd.

Jamshedpur-831001, India

1) INTRODUCTION

In response to drastic increases in oil industry both for weight reduction as well as

prices over the past decade and a half, auto for energy saving. Some of these steels have

manufacturers worldwide have made significant already been commercialized, whereas, others

progress in producing low cost, fuel efficient are in an advanced stage of being commercially

vehicles. Two main avenues were identified in produced. This paper discusses the

successful attainment of these objectives: developmental efforts undertaken at TATA STEEL

in the development and production of

i) Reduction of the weight of vehicles - microalloyed steels for the automobile

Apart from downsizing, this has been achieved industry.

through improvement of power train efficiency

and use of higher strength steels. The trend

of vehicle weight reduction in U.S. passenger

cars is indicated in Fig. 1. (1) Analysir of

the cost of various materials as a function of

their weight reduction potential, clearly 1600

suggests that microalloyed steels have the

best cost advantage as compared to other

materials.
CD

ii) Energy saving - Addition of 1400

microalloying elements to various medium \
carbon and low alloy forging quality steels 2

has eliminated the need for heat treatment oftU

various components used in automobiles

without affecting their toughness, fatigue a 1200

behaviour machinability, etc.

In India the automobile industry has been

growing at a fair rate. Actual production of PROJECTED

cars and two wheelers in 1985 and in 1987, 1000 -__1 I I 1 1_ _

along with the projected trends for 1990 are 77 85 9-4 !J2 11.1 117

indicated in Fig. 2. (2) Not unexpectedly, FUEL RATE (km/L)

has the cost of production of vehicles risen.

An example of the trend of rise in the cost of MODEL '76 '80 '81 '82 '83 '85 '88

chassis for buses is indicated in Fig. 3. (2) YEAR

Considering the enormous potential of ISLA F(G.-I CAR WEIGHT AND FUEL ECONOMY
steels, TATA STEEL had taken the initiative a

decade ago to develop various grades of

microalloyed steels for diverse applications
(3-5). More recently, however, efforts have

been directed, in specifically developing

microalloyed steels for the automobile
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CAST NO.: M06627
COMPOSITION : C= 007 %I Mo=O/45% ,P =0024~.%

S=0O021 %7Si:106 %/o V=010 %

INGOT300 C ATN 1210l~m BLOOMING-

T NPF LOG MEMBE5R FOR TRCKCHSSS
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80,000 
1985 25,000

01987 (11
i199 w 20,000 ,Tq [] 1990 w.,-

60,000 15,000

7 4000 10,000
Z40,000 (n

20,0 5 u 000

20,000

1975 1980 1987

YEAR
CARS SCOOTERS MOPEDS M CYCLES

FIG.-2 PRODUCTION TRENDS OF CARS AND

TWO WHEELERS IN INDIA (2) FIG.-3 CHASSIS COST FOR BUSES
(RUPEES) (2)

2. FACILITIES

Microalloyed steels are produced from two exceeding the minimum stipulated requirements,

different routes: (a) open hearth furnace and and cracking of long members formed out of

(b) LD- VAD route for applications these strips. Microstructures of these failed

necessitating low levels of inclusions and strips indicated mixed grain size and also

other residuals. As yet, since there is not incomplete recrystallization. on

bloom or slab caster in the Company, liquid investigation it was found that in some cases

steel from the two different routes are cast the finishing temperatures were lower than

into either narrow-end-up or wide-end-up 8000 C. In order to lower the yield point and

ingots. The ingots are soaked in soaking pits consequently improve formability, the

at a temperature 1250-130CPC and rolled into following steps were taken in the subsequent

blooms or slabs in one of the two blooming- trials:
slabbing mills of the Company. The blooms/

slabs are inspected, dressed and then rolled a. Temperatures in zones 3 & 4 of the

into finished products in one or more of the Tunnel furnace were maintained at 12501C and

finishing mills within the Company or 13000 C respectively, instead of 1200 0 C and

outside. 1250 0 C,

C HEiItC C; 1 .POSITI(C
3. DEVELPMET AND COMMERCIALIZATION

E 28 E 34 E 36 E 42

3.1 Flat Products % CARBON 0.12 0.1 max 0.10 ax 0.10 Tax

CHASSIS EMBERS FOR TRUCKS: The % PHOSPHOROUS/

total demand for these members in India is SULPHUR 0.03 0.03 max 0.03 sax 0.03 sax

about 60,000 t.p.a. , and almost all of it is % Nil81UM -- 0.06 max 0.06 max 0.06 max
currently imported. Grades of steel commonly
used for these members are indicated in Table % MNGANESE 0.80 0.70 fax 100 max 1.20 max

1. % At UMINILM -- 0.02 min 0.02 min 0.02 min

Commercial trials were carried out for % SILICON -- Trace Trace Trace

producing the E-28 grade. The details of the TENSILE PROFERTIES
cast involved and the route chosen for the
production of this grade are schematically E 28 E 34 E 38 E 42
indicated in Fig. 4. Obviously the fine YIELn STRENTH
balance of properties, a combination of high (kq/xx) 28 min 34-40 38 nin 42 main

yield strength and high elongation/ductility,
had to be met through controlled finishing TENSILE STRQ4GTH 38 sin 40-50 45-57 49-61(kg/ mo
temperatures and reductions given in the last % ELONGATION
stages of deformation. Preliminary trial (Lo = 5.65 /So) 27 min 27 sin 25 min 23 sin

production resulted in yield strengths far TABLE - 1: GRADES OF STEEL FOR CHASSIS MEMBERS
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MATERIAL CHEMICAL TYPICAL OTHER

b. Slabs were adequately soaked in the COMPOSITION PHYSICAL FEATURES
furnace. No slab was drawn from the furnace PRCPERTIES
until it had reached a temperature of 1210 0 C ------------------------------------------------------

minimum. PLAIN CARBON C% 0.18/0.23 Y.S. - 2 Coarse
qf ', 7 tructure with

c. Flow of cooling water in the Planetary U.T.S, 2 mrnor amount of
and Planishing Mill stands were decreased. 52 Kgf/m pearlite at

arain bcurdaries.

Mn% 0.35/0.50 Elongation, Hardness of HAZ -

d. Reduction at the Planishing Mill was % - 10 160/190 VPN.

reduced from a level of 18/20% previously, to Carbcn - 0.24
a level of 10%. min equivalent

It was observed that with these steps, the
finishing temperatures were in the range of C% .12 max. Y.S. - 2

approximately 8500C as compared to 760/7800 C 48 Kgf/rnw Fine ferritic
in the earlier trials. Samples were collected Mn% 0.70 max. U.T.S - 2 structure.

5E Kgf/mm Hardness of
from each slab and their properties assessed. 55 -Hardnes ofH-AZ - 1l,01170 VPN
These are indicated in Table. 2. It was found Micro-
that the properties of the long members were alloying
quite consistent - yield strength varied enEments -

between 34 and 37 kg/mm? and elongation varied 0. 10% max.

from 27 to 30%. Samples tested for bend Carbon - Elongatior-
revealed that they could withstand a bend of 0.20 max. % -12
0.5 t, which reflected the good formability of equivalent,%
t'.e members. ASTM grain size was found to be
in the range of 7 to 74. These strips could TABLE - 3:CHEMICAL COMPOSITION AND PHYSICAL
be successfully formed into chassis members PROPERTIES OF PROPELLER SHAFT TUBES

without cracking.

COIL THICKNESS YIELD TENSILE BEND ELONGN
PROPELLER SHAFT: These tubes used to NC. STRENGTH STRENGTH TEST

be manufactured in the Tubes Division of the (irm) (kg/i) (kg/mi ) (%)
Company from conventional plain carbon steel
strips through the E1WJ process followed by 1 L 7.17 36.14 44.54 -- 28.57
cold drawing. To meet the desired physical
properties, a minimum carbon equivalent of I T 7.21 36.58 45.8C OK(O.5T) 27.05
0.24% had to be maintained. Reduction of 2 L 7.09 34.10 44.07 29.91
carbon equivalent to improve weldability and
ductility was successfully attempted through 2 T 7.00 37.02 44.90 OK(O.5T) 29.71
microalloying. The chemical composition and 3 T OK(O.41)
physical properties, of conventional plain
carbon and microalloyed propeller shaft tubes,
are indicated in Table 3. TABLE - 2: PROPERTIES OF E 28 CHASSIS MENMBERS ROLLED

AT AHMEDABAD ADVANCED MILLS, NAVSARI

3.2 Forging Quality Steels

The development of microalloyed forging Gerlach Werke for Volkswagen, Audi, and
quality steels for the automobile industry is Daimler-Benz E-utomobiles have been entirely
relatively more recent, compared to the converted from hardened and tempered steels to
concept of microalloying in structural steels. microalloyed steels within a decade.
In the latter, the idea is to increase Microalloyed 49MnVS3 is also being
strength of the steel through grain refinement increasingly used for truck crank shafts, 37%
or to lower the carbon equivalent (to improve in 1982. (8).
the formability/weldability) for the same
strength level. The concept of addition of A wide variety of medium and plain carbon,
microalloying elements to medium carbon and and low alloy forging quality steels, is used
low alloy forging quality steels is grain by different auto manufacturers in the
refinement and for the purpose of eliminating production of different parts/components,
costly heat treatment of the finished products e.g., crank shafts, connecting rods, steering
rather than weight reduction. This concept arms, steering levers, axle shafts, steering
is, however, finding a very rapid growth rate worms, hubs, etc. These parts/components are
in recent years all over the world (6,7). usually forged out of basic steel bars/rods
Reputed auto manufacturers in different supplied by steel makers, followed by heat
continents have accepted the usefulness of treatment and machining. Out of several
addition of microalloying elements in grades, three popular grades were identified
conventional forging quality steels. It has for microalloying trials, viz., C-45, 20MnCr?
been reported that (8) crank shafts forged by and SAE 1541.
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The Steel Company supplies 125mm dia C-45 B. Tensile Properties

steel, used as raw material for manufacture of (Forged down from 125 to 60 mm dia.

front hubs of trucks, after two stages of and normalized)

forging and heat treatment consisting of

quenching and tempering. Niobium treated C-45 UTS(kg/m) 74 (max) 65.8 66.7

steel was supplied with the objective of

eliminating/reducing the final heat treatment. Y.S.(kg/an
2 ) - 47.2 45.2

The results of the trial were as follows:
Elongation% - 15.0 16.0

Chemical Composition
C. Treatment

%C - 0.52, %Si - 0.23, %Mn - 0.81, %S - 0.04 Carbu-ising 910 -9 2 0D C  970-9800C 970-9800C

Mechanical Properties 
separate Q&T direct Q&T direct Q&T

Impact/

U.T.S. YS. Elong. R.A. Charpy D. Properties after heat treatment Jomn_

K/&IM K&/MM2  % % Kkgcm2  Hardenability

As Rotted 
1.25/ J5 36.48 Rc 40.5 Rc 42 Rc

125.. dia 72.5 40.7 17.0 30.5 2.25 J30 34 9c(max) 25 P- 24 Rc

As Rotted 1.50

to 60m 69.0 37.1 18.0 43.8 2.10/ ASTM GrainsqaeSize 5 -8 7 -8 7- 8
square

As forged 17.5/ 41/ 1.0/

to hub 71.73 - 19 43 3.75 Based on the satisfactory results

Though the mechanical properties were obtained, the auto manufacturer decided to go

fully met, the impact properties of the Hubs in for large scale commercial trials in

were inconsistent and generally on the lower producing crown wheels out of microalloyed

side. However, on normalizing the impact 20MnCr5 steel.

properties improved significantly to

4-6Mkg/cm
2 , and the auto manufacturer decided 100mm billets of SAE-1541 composition is

to manufacturer the front hub with supplied for the manufacturer of steering

normalizing treatment only instead of the arms of tractors. The component after final

costly quenching and tempering route, heat treatment should have high yield

strength (520 kg/mm2), and yet, high

125mm dia. 20MnCr5 grade of steel is elongation (14% mimum) and RA (35% minimum

supplied for manufacturer of truck crown values) to withstand cold splicing. Niobium

wheels following forging, case carburising, treated steel was supplied with the objective

wheels oof eliminating the costly quenching and
and oil quenching and tempering. Since rslso h
separate heat treatment was carried out tempering treatment. The results of the

following the carburising treatment, an trials are as follows:

attempt was made to replace the conventional

steel by microalloyed steel, which would Chemical ConAsition

enable direct quenching after carburising at

a temperature higher (970
0 C) than the normal %C - 0.37, %In - 1.43, %A - 0.021,

910-920
0 C. Separate trials were carried out %p - 0.02, INb - 0.043, %AI - 0.018

with Niobium and Titanium added steels, the

results of which are indicated below: processing

A. Chemistry 
lOOmm sq - rolled to 50mm dia - Forged
(1200 - 10500 c )

Specified Mb-treated Ti-treated (1200 Pr1 pe0 tiC)
Hechanical Properties

IC 0.17-0.22 0.18 0.17
Y.S. Kg/mm

2 
- 52.9,

MIn 1.00-1.40 1.18 1.20 U.T.S. Kg/mm2 - 80.5,

%Elongation - 16, %RA - 40.5,

%S1 0.10-0.35 0.27 0.23 Hardness - 240 KV

iS 0.02-0.035 0.022 0.023 With the final properties having been

achieved successfully, the tractor

OP 0.035 awx 0.020 0.020 manufacturer has expressed a desire to go in

for large scale trials with the SAE 1541

SCr 1.00-1.30 1.08 1.10 Niobium steel.
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CONCLUSION: In India the
automobile industry is growing at an
accelerated rate than ever before. The cost
of petroleum in the country is amongst the
highest in the world. In these contexts, it

is all the more imperative for the auto
manufacturers in the country to produce not
only fuel efficient vehicles but also to
bring down the cost of the vehicles.
Microalloying can serve the dual purpose of
reducing the weight of the vehicles and the
cost of various parts/components through
elimination/reduction of the heat process(es)
involved. Examples cited in the paper
clearly indicate the initiative taken, both
by the Steel Company and some of the auto
manufacturers in the country, in this
regard. It is expected that microalloyed
steels will find wide scale usage in the
country within the next decade.
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PRODUCTION, PROPERTIES AND APPLICATION
OF HSLA STEELS IN CRANE AND

VEHICLE CONSTRUCTION

J. Degenkolbe, B. Musgen, U. Schriever
Thyssen Stahl AG

Kaiser-Wilhelm-Str. 100
D-4100 Duisburg 11, FRG

ABSTRACT STEEL GRADES FOR COMMERCIAL VEHICLE
CONSTRUCTION

The present paper describes the application of
HSLA steels in crane and vehicle construction. The grades of steel used in the construction
After a survey of the steel grades used, a re- of commercial vehicles have to display various
port is given on metallurgical progress, and mo- chemical compositions and they have to be pro-
dern rolling and heat treatment methods are pre- duced by optimised manufacturing procedures in
sented. For normalised, TM-rolled and QT steels, order to ensure the best possible ratio cost-
the strength and toughness properties, as well effectiveness for the intended application. For
as the forming and welding characteristics are this reason, use is made of variously alloyed
explained. Finally examples are given from var- steels which have been normalised, normalising
ous areas of application, rolled, thermomechanically rolled or quenched

and tempered. Such steels display excellent for-
mability and are extremely suitable for welding
(5)(6)(7).

HSLA STELLS are used extensively in modern ve- Figure 1 shows the usual grades of steel
hicle construction and, thanks to their good with a minimum yield strength range of 210 to
characteristics, they have proven themselves 960 N/mm2 , their alloying concept and the plate
superbly. The commercial vehicles used in the thickness ranges normally used.
different sectors of material handling and trans-
port, e.g. trucks, tankers, mobile cranes, dumper o omozed ThemrochanicallyrOle O.c.tvned

trucks or track-bound heavy goods vehicles, have
to satisfy specific requirements according to . 800 tE

their intended use. z ........ SI

HSLA steels are frequently used for especial- 600 ...
ly important components of the structure. Thus 

O SlE-T.

they are used for longitudinal and transverse 2L.....
girders on trucks, rear axle bridges, frames, 200

supports and struts, crane booms, wheel disks, I

structural pipes and tanker vessels (1)(2). By . ., .d ... ..............
utilising the specific advantage of these steels, . _T __ T _ Cr (IVI

namely high strength combined with excellent work- , I- .... ____________

ability, it is possible to make structures which
display not only a high load-bearing capacity, but Fig. 1 - Plate and strip for the construction of
also a favourable ratio of play load to dead load. commercial vehicles

A look at the historical development of weld-
able structural rtplc chews tht, sirn the in- For the minimum yield strength range of 210
troduction of the steel St 52 about 50 years ago, to 460 N/mm ', use is made of unalloyed or alloyed
special alloys, rolling techniques and heat treat- steels with low carbon contents and a fine-grain
ments have been used to develop steels which to- structure. They are supplied in normalised or nor-
day cover an extraordinarily broad range of ap- malising rolled condition in the iorm ot flat
plication with their spectrum of properties. This products with thicknesses of up to 16 mm.
has been made possible by the consistent aoplica- For the minimum yield strength range of 340
tion of the wellknown strengthening mechanisms (3) to 700 N/mm2 , there are micro-alloyed, thermome-
(4). chanically rolled fine-grain structural steels.
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Because of their reduced carbon content, they stream ladle metallurgy including vacuum treat-
have a very low perlite or carbide fraction in a ment, it has become possible to adjust the narrow
fine-grain microstructure. composition limits, to modify the inclusions, to

Quenched and tempered fine-grain structural lower the hydrogen content and to homogenize he
steels, especially in greater plate thicknesses, heat. The result are improved steel properties
satisfy the most rigorous requirements concerning (9). The steel is subjected mainly to continous
strength and ductility characteristics. These are casting, and in some cases to ingot casting (10).
steels whose chemical composition and production ROLLING AND HEAT TREATMENT - The development
process are adjusted in such a way that minimum of the rolling technique is shown in Figure 4.
yield strengths in the range of 450 to 960 N/mm2  Conventional rolling is characterized by high
are achieved, rolling temperatures with correspondingly low de-

Figure 2 shows typical chemical compositions formation resistance in the material. The coarse
for important steel grades used for the construc- ferritic-perlitic structure which sets in must be
tion of commercial vehicles. With increasing refined after rolling by normalisation for de-
strength it is possible to make savings in mate- manding applications. With normalising rolling,
rial and fabrication costs by means of reduced the finish-rolling takes place in the normalising
thickness. Often, structures only become possible temperature range. The fine-grain structure pro-
through the use of HSLA steels. By reducing the duced has properties equivalent to those of a
deadweight of the structure the operating costs normalised structure. The advantage of normali-
of transport vehicles are lowered, sing rolling is the better surface condition of

the rolled material not subjected to heat treat-
SI..t radI ZZ.T ",Zd 

" T..mil. it gm 96 Typ-.n om.t orp~st ment. This process is beneficial for the envi-
N/ m

2  
N/-1 C Si Mn C Ma Nb Ti ronment thanks to the simplification of produc-

OSE U no 240 370- 45 007 - 0 45 Dols tion (11)(12)(13)(14)(15).
N

OStE380N 380 500-640 014 030 120 - - 0roT

0StES50Ti 550 600- 750 ThR 0 07 0 30 100 002 0 H rott ing roting + oapc cT eroatd Coo ing

StE690 690 790-940 0 0 017 060 0- o0o 030 - -- Def to .o

A, A--------- ------------- -- ----- _ ---

E Ar - ............

F i g . 2 T y p i c a l c o m p o s i t i o n o f H S L A s t e e l s f o r Airro otn...... ...... ot2-

the construction of commercial vehicles r

Air roting

MODERN PRODUCTION PROCEDURES FOR HSLA STEELS Time

PRODUCTION OF STEEL - The production of high- Fig. 4 - Development of rolling technique
quality steels for the construction of commercial
vehicles requires many years' experience and mo- Thermomechanical rolling entails a whole
dern production facilities. Figure 3 shows the package of rolling operations (15). To achieve
usual steel making process. The steels are pro- high strength with simultaneous good toughness

characteristics, it is necessary to control the

Oxygen steelmaking Ladle metallurgy temperature and to maintain certain deformation
conditions. Thermomechanically rolled plates

Stirring- VaU~um- Injection-Treatment display a ferritic-perlitic structure with some

bainite. The production conditions and the avail-
ability of carbide-forming or carbide-nitride-
forming micro-ailoying elements result in an
extraordinarily fine structure. In operational

- Ipractice, the control of the final rolling tem-
perature is used primarily to adjust the
required yield strength. The final rolling tem-
perature can be lowered to around Ar3 to in-
crease the yield strength, and so during the
rolling small fractions of ferrite can already
form in the structure. The strainhardening of

TBM-Process RH- TN-Process such a ferrite fraction hardly impairs the

toughness of the steel (14)(16).
Fig. 3 - Steel making process In the further development of TM-treated

steels, accelerated cooling plays a special role.
duced predominantly in oxygen converters. Coin- At the end of the rolling process cooling water
bined blowing using the Thyssen Blowing Metal- is directed onto both surfaces of the plate
lurgy process constitutes an improvement in the which is thus cooled rapidly. Cooling takes
familiar top-blowing process (8). With a down- place at around 15 K/s down to temperatures of
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about 550'C. The effects of the rolling and coo- PROPERTIES OF HSLA STEELS FOR COMMERCIAL
ling conditions with accelerated cooling can be VEHICLE CONSTRUCTION
summarised as follows. The yield strength and
tensile strength are raised by about 50 N/mm2 as At the beginning a report was given of the
against thermomechanical rolling. The toughness mechanical characteristics achievable with the
is not impaired. This is achieved by shifting the individual steel grades. Now a number of selec-
structural transformation from ferrite/perlite to ted examples will be taken to illustrate the ma-
ferrite/bainite and by the production of a finer terial properties achieved in actual production
ferrite grain. operations. At the same time the tendency in the

The yield strength increasing effect from development of the material will be described
accelerated cooling can also be used to reduce and hence the efficiency of normalised, thermo-
the alloy content. With a given yield strength, mechanically rolled and quenched and tempered
it is possible to make a steel with a leaner com- steels in commercial vehicle construction will
position (15)(17). be documented.

For steels with yield strengths above 460 STRENGTH AND TOUGHNESS PROPERTIES - HSLA
N/mm2 , thermomechanical rolling is only possible steels cover a wide range of applications for
in a limited thickness range. Thus, where very vehicle constructions. Figure 6 shows the rela-
high standards are set for strength and ductility tion between the yield strength and the transi-
quenched and tempered steels are used, especially tion temperature T27 for unalloyed carbon-manga-
for thick plates. Conventional quenching and tem- nese steels, normalised and thermomechanically
pering of plates begins with a through heating to rolled microalloyed steels with ferritic-perlitic
temperatures in the austenite area. Then comes a structure and quenched and tempered steels. The
rapid quenching using pressurised water, and this yield strength has values of between 210 and 960
transforms the microstructure into martensite or N/mm, according to type of steel and treatment
bainiLe (18)(19). During the subsequent tempe- condition. With a lowering of the carbon content,
ring, a microstructure forms which displays an a fine-grain structure and special metallurgical
extremely fine-grain substructure with finely measures, very good toughness characteristics are
dispersed precipitated carbides. With direct achieved. The transition temperature 7 is in
quenching, the rlate is treated with pressurised the range between -200C and -110°C (1) O)
water immediately after rolling at the fastest
possible cooling rate. 0

Uflmrit - pelite ba it.

po t to ok ,., ]o ~,t o t , 20
'C 22 30 508 ac 150 -~ 220% ,22000,0

1000"- nari- T M - T_-

40 11. i d

o 800 2

600 - ,

400 -too~s(

200 0 200 300 AN0 50() 600 7000 No 00 1000
Yeld strength (N/mm 2

01 1 10 0 10 10'
Coo00,0 et SI Fig. 6 - Characteristic properties of HSLA

steels for commercial vehicle construction
Fig. 5 - Influence of direct quenching on trans-
formation characteristics The characteristic feature of quenched and

tempered structural steels is the high yield
The improvement in the hardenability achieved strength, as compared with that of normalised

with direct quenching can be illustrated with re- steels. The tempering temperature plays a major
ference to Figure 5 for a CrMo-alloyed QT steel role as a control factor in this connection.
with 690 N/mm2 minimum yield strength. Compared Figure 7 shows the relation between the yield
with conventional quenching the structural trans- strength and the notched bar impact energy at
formation during direct quenching starts after -60'C test temperature. In order to achieve a
longer cooling times and/or at lower temperatu- yield strenoth of about 900 N/mm ' it is necessa-
res. Thus, for example, a 25 mm plate can be ry, for example, to temper a quenched steel pla-
hardened through from the rolling temperature te containing nickel, chromium, molybdenum and
martensitically, while with hardening after re- vanadium at about 670 0C. The related impact ener-
heating it partly transforms in the bainite gy at -600C test temperature was about 70 Joules
stage. (18).
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200 BRITTLE FRACTURE SAFETY - In the case of com-

*O4V*4~A~~iW~tIS ~ponents of cold-formed steels, as used in the
S . __0 construction of commercial vehicles, a consider-)so--- able forming capacity and a high level of brittle

fracture safety under critical conditions are re-
_0__ ____ quired.

a Component tests were conducted under practi-100-- SS Ical 
conditions on U sections similar to longitu-

4 E "10 dinal girders of microalloyed hot strip with a
so-- - minimum yield strength of 420 N/mm2. Brittle

fracture in notched sections only occurs at a
L Itemperature of -50'C to -701C (1). Unnotched sec-

1 i I -tions remain crack-free and are ductile down to
SW O 700 0 900 100 10 -100 0C, in spite of a rough cutting edge.

Ya.d streth (NImm 2
) Similarly good results were obtained on bai-

Fig. 7 - Yield strength and transition tempera- nitic thermomechanically rolled steels with 850
ture of QT steels N/mm2 yield strength (Figure 9). The brittle

fracture behaviour of a longitudinal truck girder
In the construction of mobile cranes in par- of TM steel was excellent.

ticular, the limitation of axle loads to 10 or
14 t in relation to the total weigth and effi- Test temperature -60oC
ciency of the cranes play a major role (21)(22)
(23). In crane construction, therefore, steels
with very high minimum yield strengths are de-
manded in order to achieve high load-bearing
capacities with low dead load. The use of quen-
ched and tempered steels with, for example, 960
N/mm2 minimum yield strength thus offers not
only technical advantages, but also economic
ones, and especially with cranes subjected to _70oc
heavy loads.

To improve further the properties of plate
of quenched and tempered steels, the application
of direct quenching from the rolling temperature
appears promising, in addition to alloying meas-
ures. The research results in Figure 8 show that
direct quenching with subsequent tempering can
raise the yield strengths on average by 130 N/mm2,
as compared with those achieved with convention-
al quenching. With an unchanged yield strength,
the carbon equivalent can be improved by around -80oC
0.05% (18).

E900- LFig. 9 - Unnotched girders, 73 x 305 x 1400 mm,
6,4 mm thick. Distance between suports: 1200 mm

B Load: 0.3 t from 1.3 m height.
700

The brittle fracture behaviour of quenched
600 and tempered fine-grain structural steels was in-

f 0vestigated by means of the Pellini drop weight
test (18). This is to check whether the brittle

0 - fracture in a welding bead spreads to one of the
300 two lateral surfaces of the specimens, or wheth-200 6,_ er it is stopped before that happens. Figure 10

0.20 Ol3 O.O 0.50 0.60 o. shows NDT temperatures of various steels in the
CarbonquivaIt IW(% form of scatter bands determined on various pla-

te thicknesses. The results show that these
Fig. 8 - Comparison between reheat quenching and steels display very good toughness properties,
direct quenching despite their high yield strength.
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Steel Alloying Yield Plate NDT-temperature,°C te

grade lements strength thicknes N
N/mm

2 
mm -20 -40 -60 -80 -100 -120

StE 460 MoNs 505 20-25 E ____ __

StE500 MoNi 510-610 15-35 Z

Cr MZr, 5 70
StEO 690 Cr B 720- 800 20-75 2

StE 890 NiCr eV 920-1050 15-35

a

Fig. 10 - NDT temperatures of quenched and tempe- 720

red steels 700 1

FATIGUE STRENGTH - The resistance of the metal Cooling timet(s)
steels under discussion to cyclic load is of
great importance for vehicles. Of special inter- Fig. 12 - Tensile strength of welded joints as a
est is the fatigue strength of welded joints, function of welding conditions
which is below that of the base metal because of
the high notch effect at the transitions between The influence of the welding conditions on
weld and base metal. Post-treatment of these the toughness of the heat affected zone of
transitions by shot peening or TIG dressing can quenched and tempered structural steels is shown
give a more favourable configuration to the cri- in Figure 13, with reference to the example of a
tical transition areas. Recent research results CrMo-alloyed steel with a minimum yield strength
shown in Figure 11 reveal that, under optimized of 690 N/mm2 . It can be seen that it is neces-
post-treatment conditions, the welded joints can sary to limit the heat input upwards for an HAZ
achieve the fatigue strength of the base metal ductility comparable with that of the base metal.
(24)(25)(26). The heat input applied during welding depends on

the welding procedure, plate thickness, prehea-

0 0 G ting temperature, weld preparation and the re-

E quirements imposed on the structures.

4~00 -2-

00

300 0

i 20 Wo. ... .:
F I

too.. . .

100C

500 600 700 00 900 100 100

Tensile strength of base metal IN/mm
2

) • B.- 8s. mt.,ioL
BM 10 20 30 40 50 80

Fig. 11 - I1provement of fatigue behaviour of 
Cooling time tis (s)

butt-welded joints Fig. 13 - Influence of the welding conditions on
the ductility of the heat affected zone

WELDABILITY - A high level of weldability is
n important requirement in steels used in vehi- FORMABILITY - HSLA steels for the construc-

cle construction. With thermomechanically rolled tion of ccmmercial vehicles tend to be cold-
steels, i' is less the question of maximum hard- formed. The normalised steels discussed and the
ness or embrittlement in the heat affected zone thermomechanically rolled steels are suitable
which play the mayor part. Rather it is a ques- for use i.., forming processes with high require-
tion of limiting the heat input, because of the ments regarding cold-forming behaviour in longi-
softening zone which arises during welding in tudinal and transverse direction. Their good
the heat affected zone. Figure 12 shows the ten- cold-forming behaviour is brought about with the
sile strength of welded joints of 6 mm thick TM help of an optimized sulphide shape control bv
steel with a minimum yield strength of 700 N/mm' the addition of certain alloying elements. As a
as a function of the cooling time between 800 proof for the cold-forming behaviour of TM-
and 5000 C. For the steels investigated, an upper rolled steels the excellent formability of QStE
limit for the cooling time of 15 s is recom- 700 TM in bending specimens should be mentioned.
mended (27), in order to remain above the re- Even after the application of an artificial

quired tensile strength. notch to simulate cutting edges during process-
ing the material deformed without cracking. Hot
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forming is generally not acceptable here, because pered steels as compared with the steel St 37-3.
the TM condition is then no longer present (27). The results show that both conventional cold

Quenched and tempered structural steels are formable steels as well as bainitic TM steels
generally also fabricated by cold-forming, i.e. perform in an excellent fashion in the laborato-
at temperatures below the maximum allowable ry peening test. By lowering the tempering tem-
stress relieving temperature. The strain harde- perature, it is possible to increase the hard-
ning effect and the loss of ductility through ness level of quenched and tempered steels, and
cold deformation can be partly repaired by stress hence to improve their wear behaviour yet fur-
relieving. Hot forming above 600 0C makes it ther as against conventional structural steels
necessary to perform a fresh quenching and tem- (29).
pering which corresponds to the treatment in the
production route. It can be seen that the fabri- APPLICATIONS
cation technology is of fundamental importance
for the practical suitability of products made The range of applications for normalised,
from these steels (28). thermomechanically rolled and quenched and tem-

Figure 14 also shows that, with an increasing pered fine-grain structural steels encompasses
yield strength, a larger bending radius has to be a wide spectrum of components, some with com-
provided to ensure crack-free forming. In Figure plicated shape, e.g. cross-girders bent at right-
15 the allowable limit of the mandrel diameter angles, front axle elements and complete vehicle
for crack-free bending, related to the plate frames. Whole vehicles, e.g. garbage municipal
thickness, is plotted against the minimum yield trucks and truck trailers, are manufactured from
strength. perlite-reduced TM steels, whereas quenched and

I tempered steels are given preference for the con-
struction of mobile cranes, road tankers and
other o .rti:lar!y critical applicaticns.
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RENALLT begzan to take close interest in TABLE 1. Average analytic composition
ITTic roa io 'veu steels tor bar pro'duIcts for (in %) of' the principal METASAFE steels
mechanical engsineeringz appl ications in in terms of target tensile strengths.
197b-77 in conj)Unction With SAFF
Ibociete des Aciers Fins de I'Fst - A brief reminder should be made of
located in Hi-AGONDANGH arnd now part of the metallurgical principles on which
the ASi(iMETAL Groupt. I 1 . Since that the& manufacture of thnese steels is
diAte, a Certain niumber of microallo -d based. Their main characteristic is to
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ThermAl hardening at 600C enables a
pnenomena of embrittlement due to the ferro-perlitic structure with very fine
copper alone, grains to be obtained, corresponding to a

- Carbon plays a fondamental doubling of the impact strength level
role since it determines the "basic" (see table 2)
hardness of the matrix (see table 1). for an identical tensile stress value
Depending on the cat ierxy Df ftTASAFE (i000 MPa).
it varies between 0.15% and 0.45%.

In the beginning of the eighties :METASAFE :Rough rolled :Post isother:
a certain amount of kmovled9e was 1 1000 coniti:on :mal hardening:
available regarding the implementabi- V
lity and the usage characteristics :Tensile
of these steels (2): :stress 1000 1000

- Hot forming does not raise any :(MPa)
particular problem. - -------------...........-----

- Machinability is, with given :Impact
tensile strength and given contents :Strength
of elements to improve machinability, :(Mesnager 5 10
at least as good as for quenched and :daJ/cm2 I:
tempered steels. : _ :_ _

- Nitridibility, and in particu-
lar ionitridibility, is good (3).

- Fatigue resistance is compara- FABLE 2. Improvement in impact strengt,
ble with that of steels quenched and by isothermal hardening at 600-C on a
tempered at Lhe same hardness level. METASAFE 1000 type steel.

- Impact strenght remains appre-
ciably lower than that of steels Other tests likewise carried out
quenched and tempered for the same within the framework of the common
level of hardness. research program have demonstrated that

Research over the last few interesting results could be obtained br"
years has principally been directed cooling in pulsed air.
towards the possibilities of impro- Thus, controlled cooling on rol-
ving impact strength and knowledge of ling for applications of parts machi-
the cold forming behaviour of these ned from bar, or on forging (e.g. by
steels. fluidized bed for carrying out iso-

As regards impact strength, thermal hardening), make it possible to
there expected from analytic composi- envisage an improvement in impact
tions; on niobium, enable a fine strength properties of microalloyed
grain to be obtained by thermomecha- steels at constant tensile streiogth
nical treatment, hence a distinctly without appreciable modification to their
steel. In the field of bar products, present analytical composit ion.
these treatments are however diffi- In another respect, it has been ann
cult to implement on account of the demonstrated that the cold forming of
heterogeneousness of the deforma- parts made from 0.2% carbon
tions, both on hot rolling and on microalloyed steels could be intdus-
hot forging, producing grains of very trially envisaged (4).
different size depending on the
zones. For forgings, the research
into optimum forming condit ions would
from this point of view require-
probably very difficult final deve-
lopment work. As regards rolled bars, I - RE% I\ Al. :F INTEREST IN1 Ti E SE OF
cooling tests in a flat jet of water VJICRUALL'UL STEELS IN THE.FRENt"H
have recently taken place in Hawoni- VOTOR CAR INDISTH'. AND fN PAHI li't
dange and examination of the ;amples (AR AT RENAL'T
is in progress; the metallurgicai Although met all'ur ical I' there h.i
goal is to obtain transformat ion of beell no sp'erta'tlAt Impl o \el ( 1f'1t I lI t e
the austenite of the steel at a fair- chara,'t,.rit i 0 t , e-e tv'ls ,Oer th
ly low and uniform temperature past f'-'. %(ars, th r'1, I S t plt,'S't t 59ofi(,

through the cross-sect ion. les a m- com -\~tl ''I iiit,''st
mon ASCO1TAI./RF'NAIT/E\SMA (Ecoir.
Nat ionale Sup6rneure J Mecan iqU, 't
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Besides better knowledge of their * Disappearance of the necessity
properties, another determining fac- for straightening operations indispensa-
tor is the interest of certain "com- ble for parts undergoing quench and tem-
plementary" and original properties per treatment: example of manufacture of
of these steels. Thus, at RENAULT, prototype anti-sway bars with very accu-
there are of course cases of applica- rate geometry.
tions where it is thc elimination of
the quench and temper treatment which 3 - EXAMPLES OF MANUFACTURE AND DEVELOP-
is decisive (case of reaction rods MENT OF PARTS MADE FROM MICROALLOYED
and swivel axle spindle carriers, see STEELS AT RENAULT
§ 3 hereafter), but in several exam-
ples, it is the "complementary" cha- 3.1 Historv
racteristics that were decisive: The first tests on using parts made

* Weldability from microalloyed steels at RENAULT in
It is possible to considerably conjunction with the SAFE involved a re-

diminish the carbon content of these ference part which was a swivel axle
steels so as to give them good wel- spindle carrier: this was a swivel axle
dabilitv without reducing the tensile spindle carrier for the R12 and RIB made
strenght (compensation for loss of from 20MC5 (then 20MB5 quenched and tern-
strength resulting from the drop in pered to give 900-1100 MPa), which re-
carbon content by an increase in vealed to be the ideal component for
manganese and/or copper and such testing. It is a safety-related
microalloying elements contents). The part for which three important quality
main example of the use of this good criteria are taken into account: hard-
weldability is the rear antiFway bar ness, fatigue resistance and impact
made from METASAFE F1200. strength. Different batches of parts

* Lesser sensitivity to quench %.ere manufactured by SAFE from META-

cracking. SAFE 900 and METASAFE 11)00 (including a
The possible drop in carbon version with improved machinabili-

content permitting good weldability ty) and laboratory tested. If the
as a rule enables the part to become hardness and endurance aspect proved to
less sensitive to thermal shock; this be satisfactory, the impact strength
is the factor which was decisive for gave rise to some reser\es taking into
the production launching of swivel account the results of testing the
axle spindle carrier plates made from steering arm on a verti-
METASAFE 700 instead of an AF70 steel cal drop test rig: the parts made from
for which the minimum tensile quenched and tempered steel in fact
strenght of 700 MPa can only be allowed significant deformation of the
obtained with a high carbon content, steering arm without fracture while the
of approximately 0.55%; with this parts made from microal-
carbon content, the cooling water, of toyed steels broke at lower deforma-
the automatic hot forgoing presses is tion levels. Although this test was
responsible for the transitory appea- relatively severe, it left an unfa-
rance of incompatible quench cracking vourable impression for that type of
which can only be 100% eliminated by part without however brushing aside the
expensive part-by-part inspection, possibility cf employing micro-

• Cold formability of alloyed grades for differently stres-
microalloved sed parts. Other factors likewise curbed

steels with carbon contents the development of the use of such
Iyi ng steels at RENAULT at that time:

between 0. 1 and 0. 2%. - Insufficient knowledge of pro-
These steels present cold du, t usage characteristics.

formability which is likewise at the - Sales price considered as
origin of other developments in the unatt ract i ye (problem of commercial
field of threaded fasteners po I icy .
(microal loyed steels type 20M5 and
1OM7 arid for the manufacture of
swivel ax Ic spinidles (MHF: ASAFF 800
t Vpe st e I ) .

For t hese appl icat ions,
hardening of t he steel I,% sol id
SO 1 it i on arid h% prec('pitat ion Is
,'om!' lt ,l h% lh'' ., rk-harderi i rig
e " f ' .
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Parallel start-up of po-st an active Dart in the .aa) itN, of the
forging direct treatment on eon'ven- vehicle's suspension and its roadhol-
tibnal grades which were beginning to ding. It is a part subjected to heavy
give interesting results. torsional and flexural fatigue stresses.

The graph in figure 1, where the Its resistance demands a tensile
impact strength and the tensile strength of 1200 MPa and a minimum yield
stress are correlated, situates the strength of 1050 MPa.
potential utilizati~as of mi¢ao-al- The part consists of a nretilinear
loyed steels on automotive parts: to bar with both ends welded to a yoke bol-
be noted is the "comfortable" situa- ted to the rear suspension arms (see fi-
tion of quenched and tegjered ieels gure 2).
compared with microalloyed steels.

Fig 2. Anti-sway bar made from METASAPE
P1200

The major manufacturing difficulty
lies in the existence of two welds which
are themselves also fatigue stressed.
;pith be the conventional arrangement
asing quenched and tempered steel, post
welding heat treatment of the entire ba
was necessary, which called for a strai-
itening operation and which raised thE

- ____ j problem of the yokes. An arrangement
using weldable, therefore low carbon
steel, with elevated properties, was
Lherefore sought after. Preservation of
strength in the welded zones called for

Fig I : Potential use of microalloyed either the use of a highly alloyed
steels. quenched and tempered steel of the 18

CND6 kind, or the choice of a
microalloyed steel, METASAFE 1200. Both

The tensile strength properties of arrangements were successfully tested
the differen + families of parts and enabled the target endurance levels
liable to be concerned by microal- to be obtained (set figure J). The
loyed steels are shown with the mi- microalloyed steel was decided upon
nimum impact strength requireme.its of because of economic criteria.
the specification: reaction rods, Since 1981, nore than i million
swivel axle spindles, swivel axle anti-sway bars have thus been manufa(-
spindle carriers, anti-sway bars and tured with total reliability.
rods. The possibilities for use of'
these parts are detailed in the fol-
lowing paragraph.

3.2 Pratical exemples

3.2.1 R9-Rl1 rear anti-sway bars made
from METASAFE 1200

This bar is the first indus-
trial application of microalloyed
steels in RENAULT products. It plays
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fhe part is cold extruded. The
initial arrangement consisted of 20MC5
post extrusion quenched and tempered
steel. For economic reasons, it was then
manufactured from METASAFE 800
microalloyed steel. Thip stjeel, with

DI bainito-ferritic structure, behaves well
- -on cold extrusion and induced

work-hardening enables the required
t % strength level to be attained.

0

- - - oo

Fig 3. Fatigue life of anti-sway bars
made from microalloyed or 0T steels.

3.3.2 R4 rear swivel axle spindle
made from METASAFE 800

The rear swivel axle spindle,
press fitted in the suspension arm,
i, the spindle around which the
roadwheel turns. It is subject to
heavy fatigue stresses and must in
addition be capable of supporting
shocks without sudden fracture when Fig 5. rig for fatigue testing of
the roadwheel strikes an obstacle, spindle
These ess,-ntial requirements lead to
the choice of a steel with minimum
tensile strength of 870 MPa with
localized induction hardening
treatment of the press fitting zone Tested on the rig shown in figure
(see figure 4). 5, the swivel axle spindle did not break

after 1 0 cycles at the nocinal
stipulated load. Submitted to an
overlead of 3i%, it s fatigue life,
although Iightly less than that of
quenched and tempered steel , remains
longer than 750,0J00 cycles at BIt
( see, figulre 6).

Finalil , its beltaviouir during
ilnttct testing is \ery satisf':tLuc .. ;
evei ,t h a strongi force, the part bends
without breakirie, just I ike the part
made f rom 20%'C5 , thanks to ill-
duet iori hardenirh Z t reatmeti of the
f I al e.

I - l le A" ,IllIe mad' , tr m
IEF.SAFF ,0), an,,d irnidlcl io(ni
t r 0a ti.(I
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. . .- ,* * I I
• - * -- . . s 66 made Srom AF 70 S carbon steel with a

tensile stress of 700 MPa. It is hot
forged on a high-rate horizontal forging
machine. Water cooling of tooling gave

.- rise to a few quench craks which
Irequired a severe inspection procedure

to be set up.
The use of a microalloyed steel,

A METASAFE 700, with improved
machinability enabled Ahe same
mechanical properties to be obtained,

- - while eliminating risks of quench

cracking, on account of its low carbon
content.

Fig 6. Fatigue life comparison
between axle spindles made from
microalloyed or QT steels.

3.2.3 R4-R25 reaction rods (see
figure 7).

The reaction rod forms a
wishbone with the front lower
suspension arm ot the R4 and with the
upper arm of the R25. This part is Fig 8. Swivel axle spindle carrier plate
submitted to compressive and flexural hot forged with mETASAFE 700.
fatigue s~rqeses. It must be capable
of supporting impacts on the road-
wheel without bending. In another
respect, the mountin_ lug is cold
formed. The METASAFE 800 arrangement 3.3 Parts under development
is a good compromise between these
various requirements and is economic 3.3.1 Rear swivel axle s~indle:
in comparison with quenched and "nail-shaped" owi\el axle
hardened arrangements. spindle

This part, obtained h,% cold
formine , is -it present made from

__quenched and tempered 2 MC5 steel . The
required hardness can be obtained by
combination of the effv('t of

Fig 7. Reaction Rod made from microalloying elements and cold forminkz.
METASAFE 800 Figture 9 illustrates a comparison of

hardnesses cbtained ac-ording to the two
processes. In spite of ti he sI i t I,
lower hardness-, t lie MEIASAFF DS(80
arrangenlent feets t he requirmeL-; o

3.2.4 R21 rear sWi\el axle spindle endurance and impact test in analoiie to
carrier plate the des,'rptin loll i\el in .. ,.E. Type

This part s-eeP frgiure k) is aiproval at the part fr th,' out ire
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ASCOMETAL was one of the first iron
RENAULT medium range is tinder way. & steel metallurgists to launch this

type of product and is continuing to
actively participate in their growth on

a European scale, and in particular with

RENAULT.
4... At RENAULT, as with the other main

users, growth is to be witnessed that is

_ ~ ., often connected with the original
277characteristics of microalloved steels

outside of their main feature, which is
250 930 2*0 that which enables high tensile stress
270 900 248 82 to be obtained without quenching and

tempering heat treatment. The classic
applications as substitution for
quenched and tempered steels remain of

270 900 248 820 course a reality as demonstrated by the

industrial production start-up of*

270 900 2*8 820 reaction rods and Design Office testing
on the manufacture of swivel axle

o270 900 -290 50 spindle carriers for new vehicles.
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Contrary to other car des ac iers a dispersoides en
manufacturers, RENALLT does not as produits longs Ecole d'Ete "Materiaux.
yet use microalloved steels for the Mise en forme. Pieces formees". IlIe
manufacture of its swivel axle d'Olron 21.25/09/87 (recueil des
spindle carriers. The employment of communications A paraltre).
annealed carbon steels or steels that

have merely undergone a post forging
controlled cooling cycle enables the

necessary mechanical properties to be
obtained (600 to 700 MPa).

However, for manu facturing more
heavily stressed axle assemblies, in-
creased hardness is becoming

necessary and arrangements made from
microalloyed steels are being tested
inr competition with quenched and

tempered steels.

CON('LUSION
At present, we are withnessing

real growth in the used of
microalloyed steels for bar product-
in mechanical engineering.
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EVALUATION OF MEDIUM CARBON MICROALLOYED
STEELS FOR CONNECTING ROD APPLICATIONS

Debanshu Bhattacharya, Richard S. Cline Gary A. Garitson
Inland Steel Company Cummins Engine Company

East Chicago, Indiana, USA Columbus, Indiana, USA

ABSTRACT INTRODUCTION

A joint program between Inland Steel Company A joint program was undertaken between Inland
and Cummins Engine Company has evaluated the Steel Company and Cummins Engine Company to
use of medium carbon microalloyed steels for evaluate microalloyed steels for connecting
diesel engine connecting rods. Two medium rod applications. This program is part of a
carbon, microalloyed compositions were larger program at Cummins Engine to
investigated, one of which also contained a investigate ways of reducing the overall cost
machinability enhancing additive. Tensile of diesel engines. The microalloyed steels
properties, microstructures, machinability, could contribute to this effort by
and fatigue performance were evaluated and eliminating the cost of heat treatment and
compared to the currently used quenched and perhaps by improved machinability compared to
tempered AISI 15B41. the quenched and tempered AISI 15B41

currently used for this part. The program
The mechanical properties of the forged was planned such that Inland Steel was to
connecting rods show that comparable tensile develop and supply the microalloyed steels,
strengths can be obtained using the air- Modern Drop Forge would forge the connecting
cooled microalloyed steels compared to the rods, and the forged connecting rods would be
quenched and tempe,ed AISI 15841. evaluated by Inland Steel Research and
Machinability was evaluated using the Inland Cummins Engine Company.
drill test since drilling is often the rate
controlling machining operation in connecting
rod manufacturing. Results of these tests EXPERIMENTAL PROCEDURE
show that the microalloyed connecting rods
exhibit both lower drill force ano lower MATERIALS - The steels selected for the
drill torque indicating better machinability program were AISI IOV45, 15V37 Modified, and
than the quenched and tempered 15B41. The the currently used AISI 15841 H. The AISI
fatigue properties of the rod forgings were 1OV45 was produced as an electric furnace
evaluated by full component testing. An heat and rolled from the 7 x 7 inch cast
alternating load was applied around a billet to 2-9/16 inch round at the Indiana
compressive mean. Fatigue strength was found Harbor Works of Inland Steel Company. The
to be comparable between the microalloyed 15V37 Modified was produced as 300-lb air-
steel rods and those made from the AISI 15B41 melted heats at Inland Steel Research
material. Laboratories and cast into 6-1/2 x 6-1/2 inch

x 18 inch molds. These ingots were then
forged into 2-9/16 inch round. The nominal
chemical compositions of all the steels in
the program are given in Table I.
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TABLE I

Nominal Chemical Compositions

C Mn P S Si V Ca Al B

10V45 0.43/0.50 0.60/0.90 0.04 max 0.045 max 0.15/0.30 0.08/0.15

15V37 Mod 0.32/0.39 1.0/1.5 0.04 max 0.5/0.6 0.08/0.15 0.08/0.15 0.002/0.004 0.03 max

15B41 H 0.35/0.45 1.25/1.75 0.04 max 0.05 max 0.15/0.30 0.0005/0.003

PROCESSING - Connecting rods were forged from rpm were used with a fixed 1 in hole depth
the microalloyed bars by Modern Drop Forge. and M7 (HSS) drill material. To avoid
The bars were induction heated to 2350-2400 variability from the manufacturer's drill
degrees Fahrenheit, forged and air-cooled. points, all drills were ground in-house to a
Current production connecting rods were made specially designed point before testing.
from 15B41, forged similarly, but were Samples for drill tests were cut from the
quenched and tempered following the forging cap-section of the connecting rods. Each
operation. sample was of sufficient size for six drill

tests. with four different drills. Four
The connecting rod forgings from all three connecting rods were used to yield a total of
compositions were machined by Cummins Engine 24 drill tests. The average measured drill
Company into standard rods, using established force and drill torque and calculated
manufacturing practices. resultant force were then used to assess

drillability. In addition, chip morphology
TESTING - To examine the through section and chip thickness were also observed to
hardening, connecting rods forged from ill evaluate chip disposability.
three steels were sectioned longitudinally at
the mid-thickness plane, surface ground, and Machined connecting rods from all three
the HRC hardness measured at 0.375 inch materials were fatigued tested by Cummins
intervals. Engine Company. Axial fatigue tests were

conducted on the full component rods. Tests
The microstructure was examined on cross- rods, for the purpose of this evaluation,
sections cut from the I-beam section of the were held constant around a compressive mean.
connecting rods, and the prior austenitic Lubrication was provided to the bearing
grain size was determined using the 20 cm shells and pin bushing to simulate engine
circle intercept method. Volume fraction operating conditions.
pearlite was determined by using standard
point count techniques. RESULTS AND DISCUSSION

The as-forged tensile properties were CROSS-SECTIONAL HARDNESS - The hardening
determined using standard ASTM tensile responses of the steels are illustrated in
specimens obtained from the bolt boss area of Figure 1. Comparing the two microalloyed
the connecting rods. steel cross-sections, it can be seen, as

expected, that the AISI 10V45 developed a
Since drilling is probably the most important higher overall hardness. The hardness
and often the rate controlling machining pattern in both microalloyed connecting rods
operation during manufacturing, the drill is quite similar with the highest hardness
test developed at Inland was used to assess being developed in the I-beam section with
machinability. The details of the test have the softer areas in the region surrounding
been reported previously (1); only the the crankshaft bearing area. This results
salient features will be mentioned here. A from the slower cooling due to the larger
multiple spindle drill press with infinitely mass.
variable feed rates and equipped with
dynamometers to measure the drill force and As shown in Fig. 1-C, the hardness pattern of
drill torque was used. In this work, a the 15B41 is similar to that of the
constant feed and speed of .008 ipr and 1000 microalloyed steels. The hardness is
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slightly higher overall with the thinner TENSILE PROPERTIES - Properties obtained from
sections exhibiting the higher hardnesses due the forged connecting rods are given in Table
to the faster quenching rate. Ill. These data show that an equivalent

tensile strength can be obtained using the
MICROSTRUCTURE -Typical microstructures of microalloyed steels compared to the currentthe three materials are shown in Figure 2. quenched and tempered product. However, the
As expected, the 15B41 shows a tempered yield strengths and the ductilities are
martensitic structure, while the microalloyed considerably lower for the microalloyed
steels consist of a ferrite-pearlite steels. Comparing the microalloyed steels,structure. Austenitic grain size and the OV45 produces slightly higher tensile
pearlite volume fraction are given in Table strength, but the 15V37 has a higher yield to
IT. tensile ratio. This steel lso has
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a) 10V45 c) 15B41H

TABLE 11

MICROSTRUCTURAL PARAMETERS

Austenitic Volume
Grain Size Fraction Pearlite

Steel/Code ASTM AM %

10V45 1.7 172.1 94.5
15V37 Mod 2.3 140.9 93.5
15B41H (Q&T) 8.5 16.3 ----

considerably higher ductility compared to the
1OV45 because of the lower carbon content.

100_____The tensile properties, Table III, are on the
conservative side with respect to estimating
the fatigue behavior of the connecting rod.
This is because the tensile specimens were

taken from the bolt boss area of the rod
forging, which has lower hardness (see

Figure 2 Typical Microstructures of the hardness distrioution, Figure 1) than the I-
Connecting Rods Obtained from a beam section. Since the majority of fatigue
Transverse Section of the ,-Beam failures occur in the I-beam section, the
Region. higher harnesses there should contribute

positively to fatlque performance.
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TABLE III

TENSILE PROPERTIES OF CONNECTING RODS

Y.S. T.S. ET Red in Area
Steel/Code (ksi) (ksi) YS/TS (%) %

1OV45 86.0 133.8 0.64 10.2 17.5
15V37 Mod 86.4 126.8 0.68 13.0 33.3
15B41/Q and T 120.2 134.3 0.89 18.3 63.1

MACHINABILITY - The results of the drill test These results clearly show the superior
are given in Table IV, which includes the machinability of the microalloyed grades as
measured drill force and drill torque and the compared to the quenched and tempered steels.
resultant force (FR) calculated from the In both cases of hot rolled bars and forged
drill force (T) and tirque (M), using the connecting rods, it is clear that both
formula microalloyed grades show significantly lower

'rill force, drill torque and resultant

FR = 2 2M (1) force. This indicates better machinability
'12- D than the corresponding quenched and tempered

where D is the drill diameter. grades. This result is similar to earlier
results on hot rolled 10V45 as compared to

Results are presented both for hot rolled quenched and tempered 4140. (2)
bars and from forged connecting rods.
Connecting rods of the material currently Between the two microalloyed steel
used, Quenched and tempered 15B41. is used investigated, 15V37-modified shows somewhat

for comparison to microalloyed air-cooled better machinability than the IOV45, which
connecting rods. However, hot-rolled bars of can be explained both on the basib f iuwe,
this grade could not be obtained, and hence carbon and higher sulfur for the 15XX steels

quenched and tempered 4140 is used for than for the 1OV45 steel. In terms of chip

comparison to the microalloyed as hot rolled disposability, no significant differences
bars. Resultant force for connecting rods were observed among the various grades.
are shown graphically i.. cigure 3.

TABLE IV

DRILLABILITY OF HOT ROLLED STEEL BARS AND FORGED CONNECTING RODS

Drill Force Drill Torque Resultant Force
Hot Rolled Bars: (N) (N-M) (N)

Hot Rolled Bars:

1OV45 1494 6.3 1517

15V37 Mod. 1341 5.4 1327
4140/QT* 1890 7.7 1882

Forged Connecting Rods:

10V45 1673 5.5 1451

15V37 Mod. 1357 5.4 1324
15B4I/QT 2235 5.6 1600

* [or comparison only
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In terms of distribution of data, both the
2000- current 15B41 and microalloyed 1OV45 had

1750- HIzotRoll" ft narrow distributions, while the 15V37
modified had a broader band. This indicates

1500" that the 15V37 modified would have a
1250- statistically lower minimum fatigue strength
l(mean minus 3 times standard deviation).

75O0-

C - ~1V45

500- * 15V37 Mod.
- 15841. 0 T

2W0

4140 15841 10V45 15V37 Mod.
08T 0 T

Figure 3 Comparison of the Resultant Drill
Forces of the Steels Tested

In addition to the above laboratory test....,
results, no machining difficulties were .7 .9 1 .0 .1 1.2 1.3 1'

experienced during the manufacture of the NORMAUZED FATIGUE STRENGTH

sample rods on the production line. No
adjustments were made in machining parameters
to take advantage of potential machinability
improvements with the microalloyed grades. Figure 5 Comparison of the Distribution of

the Normalized Fatigue Strength of

FATIGUE - The results of the component Forged Connecting Rods

fatigue tests are shown graphically in
Figures 4 and 5. The results have been
"normalized" with current production rods In analyzing the fatigue data, it should be
being a base of 1.0. pointed out that the 10V45 and 15B41 were

mill-production heats, while the 15V37
These results show both grades of modified were air-melted laboratory heats
microalloyed steel to have greater mean consisting of five separate ingots. This
fatigue strength than the current heat introduced additional variables in chemistry
treated grade. Within the two microalloyed and material cleanliness which could
grades, the 1OV45 had a slightly higher mean negatively impact fatigue properties.
fatigue strength than the 15V37 modified.

SUMMARY AND CONCLUSIONS

12I Two ir-cooled microalloyed compositions and

I one heat treated steel grade were evaluated,.0 for connected rod applications. Comparison

I of the results show:

1. Similar hardness patterns were observed
for all three steels with the thinner
regions of the I-beam section exhibiting
the higher hardness.

2. Comparable tensile strengths can be
obtained with air-cooled microalloyed

1511. a asteels. However, yield strength and
ductility are lower for microalloyed than
for the heat treated grade.

Figure 4 Comparison of the Normalized Mean

Fatigue Strength of Forged
Connecting Rods
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3. Machinability of the microalloyed steels
is superior.

4. Both microalloyed steels had higher mean
fatigue strengths than the quenched and
tempered grade of comparable tensile
strengths.

This evaluation has shown that microalloyed
steels meet the functional requirements for
connecting rod forgings. Further, micro-
alloyed steels offer cost reduction potential
through the elimination of one or more heat
treatments following the forging operation.
Improved machinability also reduces the cost
of manufacture through increased tool life
and/or higher productivity. Therefore,
microalloyed steels of the compositions
evaluated in this study can be recommended
for connecting rod applications at Cummins

Engine Company.
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HIGH STRENGTH STEELS FOR OFF-HIGHWAY
VEHICLES AND MINING EQUIPMENT

G. Tither
Niobium Products Company Inc.
Pittsburgh, Pennsylvania, USA

present paper will therefore present arid briefly
ABSTRACT discuss a representative list of steels commer-

cially produced in Europe and pinpoint several
Various microalloyed steels, as produced in applications where they are being used. It
Europe, are described. Limitations of the mech- should be remembered that equivalent steels are
anical properties with respect to plate thickness readily available in the USA, such as BethStar 8C,
aild alloy content are discussed for commercial TI etc., together with many other grades of
normalized, thermo-mechanical controlled-rolled microalloyed high strength steels.
(TMC8) and quenched and tempered steels. Some
industrial applications of microalloyed steels COMMERCIAL HIGH STRENGTH STEELS
such aE: for mobile cranes, earthmoving equipment,
mining roof support systems and ventilation Remarkable rogi-es hs been s.Jd in recent
systems ore presented. years in understanding the metallurgy of micro-

alloyed high strength steels. This progress has
been thoroughly monitorsd at several inter-

IMPROVEMENT IN EFFICIENCY is the basic reason for national conferences. Whilst these confer-
substituting higher strength steels for lower encs have discussed at length the advances made
strength steel. In this context, efficiency can in the physical metallurgy of microalloyed steels,
be defined as the benefits accrued due to weight little space was given to commercial applications,
saving, a higher inherent material strength and th r :tepticrn being the large tonnage markets of
the use of thinner section sizes where volume linepipe and offshore. Of course these steels
production is C. itical. can be, and are being, used for other applica-

A saving in component weight will increase tions. Microalloyed steels in the normalized,
the fuel efficiency of any mobile unit and if, as thermo-mechanically controlled-rolled and
in the case of earthmoving equipment such as dump quenched and tempered conditions are being
trucks, this can also be coupled with a dimen- effectively utilized in off-highway vehicles and
sional saving in the body sections, an increase other industries.
in volume transported will result. A higher What has greatly assisted in making these
inherent material strength will allow increased steels attractive has been the accompanying
lifting capacity for a given section size which progress made in primary and secondary steel-
when combined into the body and chassis com- making processes. Microalloyed steels have found
ponents of mobile cranes, for example, produces a increasing application due to the introduction of
faster, more fuel efficient., higher grade crane. desulphurization and inclusion shape control,
A -duction in component section size by using vacuum degassing and continuous casting. Confid-
high strength steel, as in the case of hydraulic ence in the use of high strength steels has grown
roof supports now being used in many coal mines, because of the benefits incurred from these
maximlzes the automatic cutter depth permitting secondary processes. These benefits mainly
more coal to be extracted from a given seam. All include:-
these uses of high strength steel can be simply a. sulphur levels below 0.002%;
translated into a saving in cost and therefore b. inclusion shape control;
improved profitability. c. hydrogen levels below 2 ppm;

It would be a huge task to describe all d. nitrogen levels below 0.008%;
pieres of off-highway vehicles and mining equip- e. low levels of phosphorous, oxygen and
m,-nt showing every app]licatirn wh~re heh lhe harmful -siduals As, Sn, Si

f;trength ste"] is used or could be used. The and Pb;
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f. accurate chemistry range control; guaranteed to meet only 420 N/mm at 80 mm thick-
g. improved product yield, cost savings and ness.

other h-nefits. For all practical purposes current tech-
In summary, these benefits serve to improve the nology permits the commercial production of norm-

toughness and weldability and produce an overall alized steels with a minimum yield strength of
higher quality steel with improved product yield. 460 N/mm

2
, but falling to 420 N/mm at a plate

The high strength, microailoyed steels can there- thickness of 80 mm. However, good toughness with

fore now meet more stringent requirements, and minimum CVN impact values of 60 J at -40'C in

previous restrictions to their use (as seen by 75 mm thick plate can be achieved at these high

the designer and the fabricator) should now play strength levels.
a minor role in the choice of steel. THERMO-MECHANICAL CONTROLLED-ROLLED (TMCR)

The development of improved mechanical prop- STEELS - The good combinations of strength and

erties in the majority of commercial steels is toughness achievable in normalized steels can be

based on well-established principles:- further improved by TMCR. Commercially, yield

a. a relatively low carbon content for strengths up to 550 N/mm
2 

combined with sub-zero
improved weldability and notch tough- impact transition temperatures can be obtained.
ness; Although the property goals for TMCR steels

b. grain refinement to improve toughness have been set by the stringent requirements of
and increase yield strength; the pipeline industry, application of these

c. precipitation strengthening either steels is by no means limited to this industry
during cooling after finish-rolling or and TMCR steels are readily available and being

from a normalizing treatment, or during used for general structural purposes, ship-
an aging treatment nf' -r -chlr'; oulloing, mining machinery and earthmoving equip-

u. solid solution hardening, although this ment. The main objective of TMCR is to produce a
technique is limited in that it results fine ferrite grain size giving improved strength

in impaired toughness. and toughness properties. Niobium is the most
e. benefits due to improved secondary common microalloy addition made to TMCR steels

processing as described earlier, because of its strong influence on retarding
Grain refinement and precipitation strengthening austenite recrystallization and inhibiting sub-

are achieved by the addition of microalloying sequent grain growth by the precipitation of
elements such as niobium, vanadium and titanium. Nb(C,N) particles in the austenite phase. The

NORMALIZED STEELS - Normalized microalloyed result is that by lowering the slab reheating

steel is the workhorse of body construction for temperature, rolling is started from a finer-

off-highway vehicles. Its usefulness is dictated graincd austenite which is maintained throughout

by the strength required in a given section size. the rolling schedule to the final plate and as
For plate thicknesses up to 63 mm it is possible the rollire emprs-ir- falls the austeit<
to achieve yield strength levels of up to 420 N/mm grains become more elongated and internally

with gpod toughness using a O.IO%C-I.5%Mn-O.03%Nb deformed. The increase in austenite grain

steel. A Nb-steel with a higher carbon equiva- boundary area, plus the introduction of deform-
lent value (CEV) 6f 0.49% max. is produced by ation bands within the austenite, result in an

Svenskt StYl (OX 542) which guarantees a minimum increase in ferrite nucleation sites and a con-

yield strength of 390 N/mm in plate thicknesses sequential fine-grained ferrite structure. The
up tr 60 mm with a minimum Charpy V-notch (CVN) principles involved in TMCR relative to rolling
impact energy value of 27 Joules at -60'C. practice and alloy design have been well-
Similar niobium-containing steels are produced by documented, both froT A horetical and a
other European steelmakers and a representative practical viewpoint.

listing is presented in Table 1 (compositions) Other element, such as vanadium, titanium
and Table 2 (mechanical properties). and molybdenum are also added to TMCR steels.

While normalized vanadium-containing steels Titanium behaves in much the same way as niobium

-e comme-rcially available which will meet a in that precipitation of TiN or TiC particles
minimum yield strength of 500 N/mm', the plate (if low reheat temperatures are used) in the

thickness is generally restricted to about 16 mm. austenite is highly effective for grain refine-
Yield strength levels greater than 480 N/mm' are meot. Vanadium, on the other hand, is an effect-

puaranteed in plate thicknesses up to 35 mm in a ive precipitation-strengthener provided the
V-Ni steel - see Grade WSTE (Table 2. Several finish-rolling temperature is not too low, say
other companies produce V and V-Ni steels, hut to 800

0
C. The somewhat higher finishing temperature

somewhat lower yield strength levels - see ensures that some vanadium remains in solution

Tables 1 and 2. in the austenite and precipitates as V(C,N)
Vanadium-niobium normalized steels have been during the austenite-to-ferrite transformation

developed in order to derive the individual bone- thereby strengthening the subsequent room temper-

fits from both alloy additions. Most steel ature ferrite structure.

producers offer this type of steel, but the The majority of the higher strength TMCR
gluaranteed minimum yield strength is heavily steels produced in Europe at the present time

dependent. on section thickness. For example, a contain both niobium and vanadium. A minimum
V-Nb steel produced to meet a minimum yield yield strength level of '50 N/mm with an

strength of 460 N/mm
2 

at 16 mm thickness is -::-c1r t F:' .u pparance transitin
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temperature (FATT) of -801C in the transverse high cooling rate roller-quonch unit. These two
direction is available in plate thickness up to, companies also supply the thicker plates. A
and including, 40 mm. It is claimed that. yield small addition of boron is made to the higher
strengths up to 700 N/mm2 can ge achieved in strength steels to effect through-hardenability.
plate thicknesses up to 30 mm. Relating theory to practice, Figure 2 shows

A representative listing of the chemical how the desired microstructures and hence mech-
compositions and mechanical properties of some anical properties of BSC's RQT steels are
of the TMCR microalloyed steels currently pro- eventually achieved. 1 2 The higher cooling rates
duced in Europe is presented in Table 3. As in possible on the roller-quench mean that a low
the case of normalized steels, the mechanical temperature transformation product is obtained
properties of TMCR steels deteriorate as plate even in plates of leaner composition. The con-
thickness increases, h-nce there is a limit on tinuous cooling curves for 12.7, 25 and 38 mm
the potential applications for these steels, thick plates of RQT5O1 and 701 show that at all
However, most, if not all, possible high strength plate thicknesses the required microstructure can
component applications for off-highway vehicles be achieved. The steels exhibit a uniform micro-
and mining equipment should be within the scope structure, and hence properties, thr<,ugh(ut the
of TMCR steels. Also of impoi-tance is that a plate thickness as illustrated by the hardness
given strength level can be obtained in TMCR profiles in Figure 3. In the microalloyed QT
steels at a much l~wer CEV than that possible in steels the Ms temperature is relatively high and
normalized steels, see Figure 1, thereby making the martensitic microstructure experiences
them more readily weldable, significant autotempering ensuring freedom from

QUENCHED AND TEMPERED STEELS - The effective cracking during quenching and heat-affected zone
way to manufacture higher strength structural (HAZ) cracking during welding. Transverse CVN
stee pj t, 4_. ,id :trengths of 550 N/mm' impact test results show that these microalloyed
and above, in thicknesses of 30 mm and above, is QT steels have very high shelf energies of
by quenchinfoand tempering. Except for a few 250-300 Joules d -to the combination of low
exceptions, to produce steels with yield carbon and very low sulphur contents. Low impact
strength values above 620 N/mm 2 with good tough- transition temperatures of around -75'C are also
ness it is necessary to quench and temper even in recorded.

11

thinner gauges. Some of the higher alloyed Ni-Cr-Mo OT
The development of comme-cial quenched and steels also contain microalloy additions such as

tempered (QT) steels has taken two distinct the N-A-XTRA steels (0.12%Zr max.), the SUPERELSO
paths:- steels (0.09%V) and the DSE stecls sO.ObV),

a. steels containing austenite grain Table 6. In this category of steels there are
refining and precipitation strengthening two (OX 1002 and XABO 90) that achieve a minimum
additions such as Nb, V and Ti; yield strength of 890 N/mm'. The XABO 90 steel

b. steels containing only elements added contains up to 0.10%V and can achieve this high
for hardenability. strength level in plates up to 50 mm thick with a

The microalloyed steels are generally limited to guaranteed minimum CVN impact energy value of
plate thicknesses 50 mm because of the reduced 27 Joules at -4'C. Thp merhir,,ial properties
hardenability effect of a finer austenite grain of the alloyed QT steels that contain micro-
size, although alloying to offset this reduction alloying additions are given in Table v.
can raise the thickness to 80 mm. QT steels
containing additions of Ni, Cr, Mo and Mn can be OFF-HIGHWAY APPLICATIONS
designed to nave sufficient hardenability to
transform to martensite and lower bainite in The market for high strength, micrualloyed
plate thicknesses up to 150 mm and above. The steels in applications such as earthmoving equip-
level of alloying for both routes depends on the ment, excavators, industrial machinery, cranes
cooling rate and hence the quenching unit. etc. is dependent on the design criteria of

The microalloyed QT steels have lower CEV individual companies and the size of equipment
and hence better weldability. The metallurgical manufactured. Most companies use a 155 N/mm'
design for commercial OT steels has been depend- yield strength steel for such parts as booms,
ent on the efficiency of individual steelmakers' dippers, chassis and general structural parts or
quenching units. It is significant to note that panels. The major limitation to usirn hiihr,
the companies that utilize an efficient role- ,trungth steel is the fact that full advantage
quench unit have followed the microalioying route cannot be taken of the yield strength of the
while those that possess a platten-quench unit steel because the design is generally dictated
(which gives a slower conling rate) have tended by the fatigue of the welded joint. This,
to follow the 'alloying' route, however, has not prevented the use of higher

The chemical compositions of some of the strength steels since various procedures can be
reheated, quenched and tempered microalloyed adopted to overcome this problem. These will be
steels produced in Europe are given in Table 4 discussed later where appropriate.
and their mechanical properties in Table 5. It CRANES - For many years high strno-h . ccl!
should be noted that the highest minimum yield have bee ied in the construction of cranes and
strength quoted is 690 N/mm' and is only q-7, i- other types of lifting gear. The strength levels
able fr- -I,- two i'7c.; osing the efficient used obviously depend on the type of crane and
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(

the design philosophy. Manufacturers who design and has a CEV of only 0.40%. DOMEX 640XP is also

for long life, and for cranes that are subject a low carbon steel with about 0.14%V and 0.035%Nb

to fatigue conditions, tend to use as-rolled or and has excellent cold formability.

normalized V-Nb steel of 355 N/mm' minimum yield It should be noted that mobile cranes are
strength as their maximum strength material. The generally designed for static loading conditions

advantages of post-weld treatments to improve the and so no fatigue conditions are experienced.
fatigue life are well appreciated in most cases, The practice is to 'undermatch' the strength of

but it is claimed that they are very difficult to the weld and high strength electrodes are only

implement and control. Using this design criter- used if necessary, depending on the design.
ion, the only likely application for higher For the future, the requirement is for a
strength steel in the near future would be on a steel with a yield strength of 890-960 N/mm with

jib. 14% minimum elongation. Such steels already

The area where higher strength microalloyed exist e.g. OX 1002 (Svenskt St$l) and XABO 90
steel is rapidly becoming more established is for (Thyssen Stahl). XABO 90 (Ni-Cr-Mo, 0.l0%V steel)
mobile cranes. A reduction in weight can greatly has already been used for heavy duty cranes with
improve the performance and efficiency of a a load capacity of 1000 tonnes.

1 5

mobile unit. Steels with yield strength levels EARTHMOVING EQUIPMENT - Equipment used in

up to 690 N/mm
2 

are rapidly replacing the lower the construction industry is subjected to both
yield strength (355 N/mm

2
) steels for most of the severe climatic conditions and a variety of

structural parts. This is being brought about different materials to be moved. In Canada and
because customers are requesting low temperature the Soviet Union, for example, vehicles may have

toughness properties coupled with weight saving, to be used in temperatures as low as -40'C.
Weight saving is not only important with -'espect Materials as diverse as soft soil or hard rock

to fuel efficiency and performance but also may have to be moved. Off-highway construction

because certain countries specify maximum axle equipment includes crawler tractors, scrapers,
weights for such vehicles. Therefore to remain loaders, bulldozers, dump trucks, haulers etc.,
competitive higher strength steels are being all of which need good impact resistance at low
increasingly used. temperatures, good fatigue properties and good

Examples where microalloyed QT steel is weldability.
being used in mobile cranes are shown in Figures Earthmovir.g equipment invariably undergoes

4-7. The AT400 'Figure 4) is produced by Grove continual vibration while moving over undulating
Manufacturing Company in the USA and utilizes terrain and hence materials with good fatigue
Grade T1 for many parts including the 70 ft life are specified. Since the fatigue life of a

telescopic boom and 43 ft telescopic swingaway. structure is dependent on the fatigue life of the

The vehicle weighs under 40,000 lbs with single welded joint, the weight saving advantage of high
axle loads below 20,000 lbs thereby making it strength steel in some applications cannot be

'roadable' throughout North America. The AT400 fully gained. Consequently, there is a reluct-
lightweight mobile crane can reach a maximum ance to use microalloyed steels unless the

speed of 90 kph and still maintains over a structure can be designed whereby the welded
t0 tonne pick-and-carry capacity. joints are not subjected to stress situations.

The mobile cranes produced by Grove Coles The maximum yield strength steel that manu-

Ltd. in the UK (Figures 5-7) are constructed facturers tend to use for general constructional
mainly of roller-quenched and tempered, micro- purposes is normally restricted to 355 N/mm'. In

alloyed steels. All grades of BSC's ROT steels the UK this steel is typically supplied to

(501, 601, 701) are used with all the booms being BS 4360 : Grades 50B or 50C, both of which are

made from RQT701 (0.06%Nb-0.04%Ti). The majority nominally O.O4%Nb-O.O8%V normalized steel (can
of plates are 12, 16 and 20 mm thick, although be supplied in the as-rolled condition). The

RQT701 is purchased up to 30 mm thickness. backhoe loader (a tractor-type vehicle with
Pigure 6 shows the largest AT crane, the 1400, bucket at the frcnt and digger at the rear) shown

which has a lifting capacity of 125 tonnes. The in Figure R is typical of such equipment. In
most modern AT crane is the 1100 (100 tonne 1987 J. C. Bamford (UK), the major manufacturer

lifting capacity) which is manufactured on either of backhoe loadors, produced over 7,000 units.
a 4 or 5 axle chassis to suit individual roading They are using increasing tonnages of Grade 50B

regulations. These 70 kph mobile cranes all use for the loader bucke, and digger bucket frames. A

a substati,.l amount of microalloyed high Nb-V steel (Grade 50C) is also used in the con-
strengthsteel. It is estimati" thmt q weight struction of roll over protective cages (ROP's).

saving of about 30% is achieved when using RQT701 Higher s-engtL stel ' -ikely to be used for
(690 N/mm

2 
YS) as compared with a 355 N/mm YS this application since too thin a section would

steel, result and the tubes would start to buckle within

Other steels with strength levels inter- the web. The 5 t.-mpth -f I^om ilcr 9
mediate of the norm-lized 355 'rade and POT701 arms is important when lifting dead
are utilized in mobile cranes. Examples include weights and these are obvious candidates for

BethStar 80, which is a controlled rolled steel wighsand tee a obvioS c tes or
13 microalloyed steel. A C-Mn-Si stleel (no micro-

of 550 N/mm minimum yield strength, and DOMEX alloy addition) is mainly used for the structure,

640XP, which is a controlled rocessed steel so further scope remains for the production of an
produced on s hot strip mill. BethStar 80 is a overall lighter unit by introducing the Nb-V steel.
low carbon steel containing 0.10%V and 0.06%Nb

392



Small tonnages (about 50 tonnes/year) of to 8mm thickness. A typical chemical composition
roller-quenched and tempered steel v:ith P yield is (wt.%):-
strength of 690 N/mm2 (i.e. RQT7O or OX 812) are
used on the backhoe loader. Small sections of C Mn Nb V S P
25mm plate are being placed in vulnerable coll- 0.10 1.60 0.035 0.14 0.002 0.015
ision areas such as the corners of buckets. This
is a new application and if no problems are with a minimum yield strength of 640 N/mM 2

.

experienced the use of microalloyed QT steel will DOMEX 640XP is used for the front wall and the
be greatly increased. 'ribs' in the body of dump trucks.

Caterpillar have recently started to manu- As mentioned earlier, dent resistance is an
facture backhoe loaders in the UK and whereas important property, particularly in earthmoving
they also use large tonnages of Nb-V as-rolled equipment subjected to conditions where rock or
or normalized steel (BS 4360 : Grade 50B), some ore, for example, are dropped into the body.
2,500 tonnes of microalloyed RQT701 is also con- Although an obvious move to counteract denting
sumed for the cutting edges on the backhoe bucket would be to increase the section thickness, the
and the front loader bucket. The Nb-Ti QT steel desire for weight reduction obviously favours the
is delivered as plate and then manufactured into use of higher strength steels. Results of dent
a cutting edge section. A new application for resistance studies have been published by
microalloyed QT steel under evaluation at the Nilsson 14 and are summarized in Figure 10. The
present time is for rock buckets, to be ;.:anu- superiority of the higher yield strength steel
factured in the UK. (655 N/mm') is obvious and it can be seen that

The market for forklift trucks has improved the dent resistance of a 3mm thick sheet of
considerably since 1980 and sales in the UK DOMEX 640XP is almost the same as that of a 5mm
reached 3,000 units in 1986. The mast sections thick sheet of 380 N/mm? yield strength.
of the truck are now being produced from 460 N/mm A more recent development has been that of
yield strength steel. The steel sections ar- higher strength bainitic grades produced on the
rolled from steel with the following composition hot strip mill. 16 The typical chemical comp-
(wt.%):- ositions for two bainitic grades are (wt.%):-

C 5i Mn V Min. YS C Mn Nb Ti B N

0.23/0.30 0.15/0.30 1.0/1.3 0.05/0.08 700 N/mm
2
: 0.08 1.30 0.05 0.18 0.003 0.006

Mo
The rough terrain forklift truck has a strong
future in Europe because of its versatility in C Mn Nb Ti B N

application, performing tasks whicit would 750 N/mm': 0.08 1.75 0.05 0.24 0.003 0.006

normally be undertaken by self-erecting tower Me

cranes. 0.15
Off-highway haulage trucks, Figure 9, are

constructed mainly of high strenth steel. This The steel chemistry is designed to combine the
is simply to reduce weight and improve the strengthening effects due to grain refinement,
payload-to-empty-weight ratio. High streingth low dislocation substructure and precipitation.

alloy steel plate and sections are used for Niobium, titanium, boron and molybdenum are

fabricated structural members such as frames and instrumental in providing these effects. Appli-
dump bodies. The latter application usually cations include truck frames, cross members and
requires good dent and abrasion resistance, others parts of dumr trucks, mobile cranes and

Quenched and tempered steels meeting ASTM Spec- earthmoving equipment.
ification A514 are typically used and include low
carbon 0.03/0.08%v-0.01/0.03%Ti steels or MTNING EQUIPMENT

titanium-only steels vO.08%Ti). These steels

are heat-treated to meet a minimum yield strength Traditional applications of high strength
requirement of 620 N/mm

2 
in section sizes above steels in the mining industry include lift arms,

63mm thickness, and 690 N/mm' in thinner product, buckets, skips, mining cages, roof support arches
Similar steels (RQT grades) containing small etc. More recently (since 1983) Whey hne found

additions of Nb (-Ti) are produced in the 1K for application in hydraulic roof support systems,
similar applications. Figure 11, which are now being used in all major

As an alternative to quenched and tempered coal producing countries. Microallnyed n.03 /Nb-

low alloy steel, controlled-rolled microalloyed 0.06%V steel plate processed to meet a minimum
si gr-des ,-e Lcoming increasingly popular yield strength of 355 N/mm is mainly used for
due to their ler production and alloying costs, the body structure HI-her e-nt -
As noted in Tabte 3, TMCP . , m; -. I (yuu Cl see is) ,r, used for the base,

ytt'tUa y be lgergth values of boO N/mm2 are the canopy, tops and cantilever sections. The

readily available. roof support system shown in Figure tilizes

Also commercially available are controlled- RQT50, 601 and 701 for section sizes up to 40mm
processed hot strip mill grades such as DOMEX thickness and OX 812 for parts of greator thick-
640XP,

14 
as mentioned in the previous section. ness. The most popular section size used is

The steel has a /ery low sulphur content (0.002%) 40mm t., followed by 2O-25mm t.
for good formability and is produced in strip up The use of higher sirenpili steels maximies
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the height between the base and the canopy by In much the sone way as surface earthmoving
allowing a reduction in their section thickness equipment benefits from the use of high strength
thereby maximizing the automatic cutter depth and steel, so too does mining equipment used below
permitting a greater amount of coal to be cut ground. In the example shown in Figure 13 the
from the seam. This is particularly important lift arms of the loader are made from OX 812
in shallow seams where just a small increase in (0.05%V-0.002%B QT steel). In addition to
blade depth can markedly increase the amount of reducing vehicle weight, the use of higher
coal extracted and make the operation much more strength steel permits the haulage of a greater

efficient. The extra space also allows for weight of rock/ore.
better ventilation and easier access. Components
were redesigned to incorporate high strength SUMMARY AND DISCUSSION
steels, and parts are designed up to the yield
strength in order to obtain the best possible The increasing use of microalloyed steel for
weight advantage and reduction in section thick- some off-highway and mining applications has been
ness. discussed. Technological progress over recent

It is estimated that in the UK alnne some years has made higher strength steels more
50,000 tonnes of microalloyed Nb-V steel to acceptable to these and other industries.
BS 4360 : 50B (minimum yield strength 355 N/mm') Depending on strength requirements and section
are currently consumed in the construction of thickness, microalloyed steels are available in
roof support systems. The market for the micro- the normalized, controlled-rolled or quenched and
alloyed QT steels is around 15,000 tonnes, but tempered conditions.
the potential is for double this figure. These The use of microalloyed steels has been
roof support systems are also only being used in prompted by the desire to reduce vehicle or
coal mining at present and efforts are being made equipment weight. It should again be noted that
to extend their use to the mining of other by -abstituting a steel of 690 N/mm' YS for a
minerals and deposits. The potential for micro- steel of 355 N/mm? YS in the construction of
alloyed steels is therefore extremely promising. mobile cranes, a weight saving of around 30% is

High strength steels are finding increasing possible. A more comprehensive assessment of the
use for impellers and structural parts of fans, value of substituting higher strength steel for
blowers and ventilation equipment in many indus- low strength steel has been made by Doennecke and
tries, including mining. The main application Shelton.17 They calculated that a mining truck
is for impellers in fans, simply as a means of operator with 20 trucks on an 80% availability
saving weight. The steels used in the impeller base could save over $210,000 per year by using
shown in Figure 12 (3000mm dia. impeller with a high strength steel for body and chassis members.
tip speed of 160m/sec.) are RQT501 or RQT701. By using a microalloyed QT steel of 690 N/mm YS
These steels are required to maintain good mech- it was possible to reduce the weight of a haulage
anical properties up to 4000C. The microalloyed truck of 83,000 kg (empty) by 17% to 69,000 kg,
RQT steels comply with the necessary requirempnts: thereby increasing the payload by some 17,500,000

kg per year. The economics of using higher
RQT501: 360 N/mm YS at 4000 C and CVN 41 J at strength steel are therefore obvious, as illus-

-40C trated in Figure 14 which shows production
RQT701: 610 N/mm' YS at 4001C and CVN 27 J at figures relative to vehicle weight. The advant-

-450 C ages of using microalloyed steel for roof support
systems and impellers and blades in ventillation

Mild steel is still being used for impellers and equipment have also been discussed. The market-
therefore scope exists for increasing the tonnage place for high strength steels for roof support
of higher strength microalloyed steel for this systems is especially encouraging since only
application, coal mines have so far been converted. Ventill-

Higher strength steel in critically high- ation equipment is also taking advantage of micro-
stressed components allows rotating equipment to alloyed steel and much more efficient fans are
be made lighter so that rotation is easier and now being manufactured. Faster rotational speeds
the overall efficiency of the structure is are possible for similar size fans or a larger
significantly increased. From a different rotor system can be installed at a similar weight
aspect, a larger rotor system could be assembled to that of a smaller unit made from lower
with a similar weight to that of a smaller rotor strength steel.
assembly constructed from lower strength steel However, ea'h industry has its own individ-
and would giv- a better performance as a result ual problems associated with the use of higher
of its increased size. The diameter of such strength microalloyed steels. The more common
rotors varies between 2.0 and 4.5m and the thick- problems are springback and fatigue of welded
ness of the plates used is 10-60mm with the joints. Springback is solved by experience -
majority of plates being up to 30mm thickness, plates are 'over-formed' so that the plate edges

Aerofoil blades are also beginning to be return to a position that facilitates welding,
produced from ml.. ,Iloyed QT steels. These the extent of over-forming being determined by
biades are 20mm thick when made with mild steel, trial and error. A secondary problem is that the
When RQT701 is used the blade thickness can be first plate of a batch is typically used as a
dramatically reduced to 6-8mm, thereby offering gauge to estimate how much the rest of the batch
a significant weight saving, should be strained. Any inconsistency in plate
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properties within a batch results in a variation REFERENCES
in the percentage overstrain and obvious product-
ion problems. However, improvements in secondary 1. "Strong Tnugh Structural Steels", ISI
steelmaking procedures a,0 controlled processing Pjblication 104, The Iron and Steel
have now minimized this problem and stoelmakers Institute, London (1967).
are now capable of producing ur,iform and con-
sistent mechanical properties for any particular 2. Proceedings Int. Conf., Microalloying '75,
grade of high strength, microalloyed steel. Washington D.C., USA, 1-3 October 1975.

Fatigue of welded joints has been a major
drawback to the more extensive use of high 3. Proceedings Int. Conf., Technology and
strength steels since the stability of many Applications of HSLA Steels, ASM,
structures is dictated by this property. In Philadelphia, PA, USA, 1-3 October 1983.
unwelded steels the fatigue strength increases
as the tensile strength of a steel increases and 4. Proceedings Int. Conf., HSLA Steels:
this is oecause latigue c.-ack initiation takes Metallurgy and Applications, Beijing, China,
longer in higher strength steels. Crack propa- 4-8 November 1985.
gation, however, is independent of the mechanical
properties and microstructure of the steel, and 5. BSC Plates "Offshore" Brochure, Commercial
consequently using a higher strength steel rather Division-Plates, Motherwell, Scotland.
than a lower strength steel will not improve the
fatigue life of a structure unless weld defects 6. Proceedings Conf., Controlled Processing of
can be eliminated. The elimination of weld High Strength Low Alloy Steels, York, UK,
defects will give a longer crack initiation September 1976.
period which will extend the fatigue life.
Microalloyed steels could therefore be used to 7. Proceedings Int. Conf., The Science and
greater advantage if some type of post-weld Technology of Flat Rolled Products, The Iron
improvement treatment is applied, and Steel Institute of Japan, Tokyo,

Weld improvement techniques such as peening, 28 September - 4 October 1980.
TIG-dressing and grinding, together with improve-
ment in weld geometry, greatly reduce or elimin- 8. Dillinger Ht]ttenwerke, Technical Information
ate defects or (in the case of peening) intrcduce Sheet No. 802E, 1981 ano private communi-
a surface layer of compressive stresses which cation, Chaussy, L-M.
dramatically reduce crack propagation and signif-
icantly improve the fatigue life of higher 9. LaFrance, M. et al, "Les outils et tech-
strength steel joints. 18 ,19 As an example, it nologies moderne de production des aciers",
has been shown on welded joints of a 690 N/mm 2  Journ~es Franco-Belges du Soudage, Brussels,
yield strength steel that the fatigue strength March 1987.
could be increased by nearly 100% to about
350 N/mm2 through the introduction of compressive 10. Svenskt Stal Aktiebolag, Domnarvet, Sweden,
stresses by shot peening,2 0 Figure 15. The private communication.
problem of weld fatigue could also be greatly
reduced or eliminated by simply redesigning a 11. BSC General Steels Publication, "RQT5OlT
structure whereby the welded joints are not high strength steel plate for special
subjected to high stresses. It should also be ctructural applications", Commercial
noted that the uce of welding electrodes with Division-Plates, Motherwll, Scotland, 1987.
improved fluidity has given a notable increase
(up to 85%) in the fatigue life of welded joints 12. BSC General Steels Publication, "RQT Plate",
in microalloyed steels.- I  ibid, 1986.

To conclude, the benefits of substituting
microalloyed high strength steels for lower 13. Metal Progresn, June 1982, p. 23.
strength steels are being increasingly appre-
ciated by industry. The off-highway and mining 14. Nilsson, T., Proceedings Int. Conf., Tech-
industries are no exception and many parts are nology and Application of HSLA Steels, ASM,
now made from microalloyed steels. The potential Philadelphia, PA, USA, 1-3 October 1983,
for increased usage of these steels is most p. 253.
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Table 1 - Chemical Composition of a Representative Sample of Higher Strength

Normalized Steels Produced in Europe

-Stee, Composition, wt.%

Steel Producer, C Mn Si P S Nb V Ni Cr Mo Cu

max. max. max. max. max. max. max. max.

USITEN 420-1I USINOR 0.22 1.6 0.55 0.035 0.030 - - 0.5/0.7 0.2 0.1 0.3max.

USITEN 460-I I USINOR 0.20 1.7 0.50 0.035 0.030 0.045 0.07/0.13 40.2 0.2 0.1 0.3max.

USITEN 460-I USINOR 0.18 1.7 0.40 0.035 0.030 0.045 0.09/0.15 0.5/0.7 0.2 0.1 0.3max.

FG 43 T THYSSEN 0.18 1.7 0.5 0.030 0.030 - 0.10/0.18 0.7 max. - -

FG 47 CT THYSSEN 0.15 1.5 0.5 0.030 0.030 - 0.08/0.18 0.5/0.7 - - 0.5/0.7

FG 51 T THYSSEN 0.21 1.7 0.5 0.030 0.030 - 0.10/0.20 0.4/0.7 - - -

DILLINAI 55/43E' DILLINGER 0.18 1.7 0.5 0.025 0.015 - 0.10/0.18 0.7 max. - - -

DILLINAL 58/47E, DILLINGER 0.20 1.7 0.5 0.025 0.015 - 0.10/0.20 0.7 max. - - -

HYPLUS 29 BSC 0.22 1.6 0.5 0.05 0.03 - 0.20 max. - - - -

BS 4360 55E BSC 0.22 1.6 0.6 0.04 0.04 0.10 0.20 max. - - - -

WSTE 500 CREUSOT- 0.18 1.6 - j.015 0.010 - 0.10 max. 0.3/0.7 - - -

LOIRE

Table 2 - Mechanical Properties of a Representative Sample of

Higher Strength Normalized Steels Produced in Europe

Minimum Yield Minimum Ultimate Minimum Charpy V-Notch

Strength (N/mm
2 ) Tensile Strength Impact Energy (Joules)

Steel (N/mm
2

Plate Thickness Plate Thickness OWC -50WC

116mm 50<t!80mm, <16mm 50<t(80mm Long. Trans. Long. Trans.

USITEN 420-IT 420 - 550 - 56 44 28 21

USITEN 460-I 460 - 590 - 48 36 - -

USITEN 460-Vt - 420 570 48 36 28 16

FG 43 T 420 - 530 - - - 27 297

FG 47 CT 460 - 560 -- 27 27a

b
FG 51T 500 610 - - 31 27

DILLINAL 55/43E 420 380 530 530 90 70 30 27
DILLINAL 58/47E 460 420 560 560 90 70 30 27

HYPLUS 29 450 4 00 d 570 570 54 - 2 7c -

BS 4360 : 55E 450 4 15d 550 550 - 61- 2I7

WSTE 500 480 450 610 610 044' - -

a_ 20 oC b_401C  c_30* C  d 40463mm
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/

Tnblc 7 - Mechanical Properties of Alloyed QT High Strength

Structural Steels Produced in Europe

CVN Impact
Gauge Minimum Tensile El.% Energy (J)

Steel Producer (mm) Yield Strength Strength min. at -401C
a

max. (N/mm) (N/mm') (50mm)
Long. Trans.

N-A-XTRA 56 1 THYSSEN 50 550 670-820 18 40 31

N-A-XTRA 63 THYSSEN 50 620 740-890 17 40 31

N-A-XTRA 70 THYSSEN 50 690 790-840 16 40 31

XABO 90 THYSSEN 50 890 940-1100 16 31 27

Tl THYSSEN 63 690 760-900 16 27 20

SUPERELSO 500 CREUSOT-MARREL i100 500 600-750 18 1 50 45

SUPERELSO 600 CREUSOT-MARREL 80 600 700-850 17 50 c -

c
SUPERELSO 702 CREUSOT-MARREL 100 700 820-940 16 _ 60

DSE 500 DILLINGER 60 500 600-770 17 40 30

DSE 550 DILLINGER 60 550 650-820 16 40 30

DSE 620 DILLINGER 60 620 720-890 15 40 30

DSE 690 DILLINGER 60 690 770-940 14 40 30

c
ASA 75 T ITALSIDER 30 620 - - 35 -

QT445B BSC} 51 695 800 18 20
b  27d

163 618 730 18 f- -

aMinimum values, average of 3 specimens

b_46 C

c-20o C

dc
154 C
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900 plate thickness~15 to 20 mm

quenched and
800 tempered

z accelerated
700 ooled

S6004 60controlled
S rolled
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300 L '
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Carbon Equivalent Value, % (CEV)

Mn Cr + Mo + V Ni + CuCEV = C + + 5 + 15

Fig. 1 - The effect of CEV on the yield
strength of various grades of
structural steels after different
processing routes

9

403



-AC3 C

800 800

70070F

600 -600

-500 0

-400 400

*30030

20020

lo00i 
1001

110 '00 1000 1 10 100 1000

C M', S. Nt,
0 14 35 0 3b 0035

(a) RQT501

ACC ,800

600 600F

-50050

400 400

300 300 B

200 200

100 100

1 10 100 1000 '1 1000 1000

C % S. Nb Mo
0 1 55 1 35 030 004 0 14

(b) RQT701

Fip. 2-Contimiou- Cooling Transformat ion (CCT) Curves fror (a) RQT~C11 and

tb) RQT'21
1

il (Court-sy of Bri tish Steel Corpnrit in~

404



3001
Analysis %

250 C 0.16
Mn 1.35

12mm Si 0.35200 Nb 0.035
19mm

30Analysis %

250C 0.15
25 Mn 1.37

Si 0.32
38mNb 0.03

200 NV 0.05

15 10 5 1 0 15

Distance from plate midthickness (mm)

(a) RQT501

300 12mm 
Analysis %

250 - C 0.15
Mn 1.35

Si 0.36

S200 - Nb 0.04

> Mo 0.14

5 300

19mm Analysis %

C 0.16
250 38mm Mn 1.40

Si 0. 32
200 Nb 0.03

Mo 0.15

L L L IB 0.0015

15 10 5 0 5 10 15
Distance from plate midthickness (mm)

(b) RQT701

Fig. 3 - Typical through hardening performance of
(a) RQT501 and (b) RQT701 (tempered condition)

1 2

(Courtesy of British Steel Corporation)
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Fig. 4 The AT400 lightweight mobile crane Fig. 5 Mobile crane ATB65
weighing less than 18 tonnes with a maximum
speed of 90 kph (50 mph)

Fig, 6 -AT1400 -the largest mobile Fig. 7 -The AT11O0 mobile crane -100 tonne lifting
crane, having a lifting capacity of capacity available on either a 41 or 5 axle chassis
125 tonnes

Figures 4-7 Courtesy of Grove Coles Ltd., UK
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Fig. 8 - Backhoe loader using Nb-V steel for structural frame

and other parts (Courtesy of J. C. Bamford Ltd., UK)

Fig. 9 - Off-highway haulage truck fabricated mainly of high

strength QT microalloyed steel
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Fig. 10 - Dent resistance measurements of DOMEX 64OXP

(yield strength 655 N/mm' ) and DOMEX 350X0 (yield

strength 380 N/mm') in 3 and 5mm thickness
1 4

,. f, ill . ..

Fig. 11 - Hydraulic roof support system (Courtesy of Dowty

Mining Equipment Ltd., UK)
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I1

Fig. 12 - Impeller (3000mm dia.) fabricated using high strength

microalloyed steel (Courtesy of James Howden & Company, UK)

Fig. 13 - Mining loader, lift

arms fabricated from V-B
QT steel (Courtesy of Swedish

Steel Ltd., UK)
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APPLICATION OF HSLA STEELS
FOR CONSTRUCTION OF
RAILROAD TANK CARS

D. H. Stone, W. S. Pellini*
Association of American Railroads

Chicago, Illinois, USA

Abstract improvement. Metallurgical research

which normally advances on a broad

This paper explains the evolution of front, could then be focused to

modern weldable steels of primary questions of welding metallurgy.

interest to tank cars. The basis for
initial selection of candidate steels During the period of 1950 to 1979,

for welding tests and mechanical the primary development

properties characterization, is cycles involved the C-Mn alloy

described in terms of weldability and system. By 1979 metallurgical

fracture analysis factors. research evolved the radically new
Cb(Nb) microalloy system. The

Simplified explanations of welding weldability advantages of micro-

metallurgy and weldability principles alloyed steels resulted in rapid use

are presented -- in the interest of for welded structures.
readers who are not familiar with these By 1975 it became evident that

specialized aspects of modern weldable the microalloyed steels were ideal

steels, for controlled rolling. Controlled

rolling had been applied to C-Mn

The engineering factors that will be steels, with modest results as

examined are the AAR Tank Car Committee compared to normalizing heat treat-

for selection of the new tank car ment, The microalloyed steels could

steels are defined, including the role be controlled rolled to develop low

of design considerations, temperature fracture properties
equivalent to or better than obtained

The report consolidates various papers by normalizing This finding

that were evolved for planning purposes stimulated the installation of large

by the Steel Task Force of the AAR Tank rolling mills that could mass produce
Car Safety and Test Project. steels of superior weldability and

fracture properties. The subject of

An important feature of this comprehen- controlled rolled microalloyed steels

sive report is the documentation of the is described in an AAR report, Refer-

complete use of modern technological ence (1).
practices for the selection of new The metallurgical literature
steels for tank cars. As such, it defines steels in generic terms that

should satisfy the common interest of describe the allow system, composi-

users, fabricators, and regulatory tion, processing, heat treatment,

agencies for tank cars. microstructure and mechanical

properties. The usual engineering

reference for steels is the American

THE CONTINUED EVOLUTION of improved Society for Testing and Materials

weldable steels during the period of (ASTM) specification system for

1950 to 1985 was determined by a standard-grade steels. The engineer-

combination of metallurgical research ing selection and procurement of

and weldability experience defined the steels is made in terms of a numeri-

objectives for the next step of cal designation, for example ASTM A-

*Deceased
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516 Grade 70. Carbon Euivalent CEW,

This paper is concerned with the an ii - ie I M Z ,

evolution and applications of CE- C' 6 5 5 5 1

standard grade steels. Therefore, Parmeter of Cruc~inusO . for b Met.

extensive use is made of the standard PCM - C + da * L + Ma + +

grade designation system. Reader 10 30 20 5 I0 6

assistance is provided by Table I

which describes the compositions and The % of the alloys, divided by the

tensile properties, for the standard cited factors, are added to the % C

grades that are discussed in this to define added effects of the alloys

paper. in enhancing the primary effect of %C

Weldability factors are not on HAZ cracking susceptibility.

cited in the ASTM specifications. The CE % parameter is used in

This aspect is expected to be combination with the % C (% C - CE%)

considered by the design and fabrica- to fully define the HAZ hardness that

tion industry. In past practice it is developed for the case of small

was assumed that welding factors welds. Small welds are the primary

would be properly considered by the sites of HAZ cracking. Decreasing

welding engineers responsible for the HAZ hardness, by decreasing the

fabrication. Modern design proce- %C-CE% of the steel, decreases the

dures require consideration of sensitivity to HAZ cracking.

weldability during the design phase. Therefore, the significance of this

Therefore, the design field must parameter is most easily understood.

develop a reasonable understanding of The PCM% parameter was developed

weldability factors. The mixture of by empirical correlation with the

old and new steels in the ASTM results of weldability tests for HAZ

specifications permits selection of cracking. It is a test-experience

steels that feature adequate welda- in fabrication. Decreasing PCM%

bility for the requirements of values correlate with decreased

specific structures. The designer experience of HAZ cracking for

should select the best steel for the particular types of structures and

structure of interest, weld connections. Lower values of

Adequate weldability implies PCM% are required to provide

that the structure can be fabricated assurance of crack-free structures

with a high degree of assurance that for complex structures, as compared

cracks are not developed in heat to structures of simple configura-

affected zone regions (HAZ) of welds. tion.

The cracks may escape detection, This paper describes the PCM
%

particularly if located in regions of values that are relatable to the

complex weld connections. simple configuration of tank car

The evolution of weldable steels structures. The PCM
% 

values for

has been focused in major part on the steels in present service, which have

development of new steels of decreas- experienced HAZ cracking -- are

ed sensitivity to fabrication compared to the PCM
% 

values of the

cracking. The cracks are typically new steels which indicate sensitivity

located in the heat-affected-zone to HAZ cracking.

(HAZ) of small welds, the superior The table 1 listing of presently

weldability of modern steels mini- used tank car steels and new steels

mizes requirements for exact control that are considered in the AAR

of welding procedures. Therefore, project for future use -- includes

crack-free structures can be produced the CE% and PCM
% 
parameters for the

with a high degree of assurance, steels. This is the important

Weldability research, coupled weldability description of the steel

with improved understanding of which is not provided by the ASTM

welding metallurgy, has resulted in standard grade specifications. The

simplified methods for calculation of modern prac ice in the international

weldability parameters. These steel literature includes citing CE%

'weldability rating" numbers are and PCM
% 

parameters. The specifica-

calculated from the chemical composi- tion user should routinely calculate

tion of the steel. The %C is the the CE% and PCM % 
parameter values for

primary factor in the calculations, any standard grade steel that is

The following weldability parameters considered for welding fabrication.

are used extensively in the interna- By understanding the signifi-

tional steel literature. cance of the CE% and PCM
% 
parameters,

it is possible to estimate the
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TABIE 1

STEELS CITED IN REPORT

% Max. Ladle & Product Analysis Tensile (Min.)
ksi(MFa)

C Mn Si Ni Cr Nb Cu V Cb Y.S. T.S.

A-515(M) .31 1.20 .40 - - - 38(260) 70(485)

(P) .31 1.30 .45 - -

A-516(0.) .28 1.20 .40 - - - - - - 38(260) 70(485)

() .28 1.30 .45 - -

'PC-128B(0.) .25 1.35 .40 .25 .25 .08 .35 .08 - 50(345) 81(560)

A-612(P) .29 1.46 .50 .. .06 -

*A-6 3 31) (,) .20 1.35 .50 .25 .25 .08 .35 .05 - 50(345) 70(485)

IV(Q (P) .24 1.46 .56 .06 -

*A-737B (I) .18 1.60 .50 ..- .05 50(345) 70(485)

l L C (P) .22 1.72 .55 - -- .05

*A-808 (I,) S* .12 1.65 .50 - .10 .10 50)345) 70)485)

PVQ (P) .15 1.77 .56 - - - .11 .10

A-808 Plate Samples

C Nb Si Ni _ Cr Nb Cu V Cb S Y.S.- T.S.

Mill A (CR) .12 1.31 .37 .19 - .026 .027 .013 63(434) 79(54,))

Mill A (W) .1) 1.13 .38 .28 -. 28 .026 .013 63(434) 78(538)

Mill B (I(T ) .08 1.43 .28 - - - .030 .003 57(393) 6q(476)

Mill B (l') .06 1.46 .25 .20 - .26 .039 .044 .003 70(482) 70(541))

*,,w-Ii(1l ,..rt st,,i]i S* A-808 restricted S= 0.010% (Max.

weldability of a steel within close

TABIll.F I f-Wim limits. The international steel

literature routinely cites these
T.[l-1i UF;F3, INI :PHIf parameters, with the expectation that

serious readers have developed this

WFJ:tAHIIJ 1' o-I32VE 1W;F7) (N .rYPIAI, tM'Is rl0 1'I-r1MATF degree of proficiency.

The AAR Tank Car Steel Project

-:.11 IN % was developed by weldabilitv and

VA, .26 .42 .32 fracture analyses of:

(1) Old tank car steels.
A 'i6 .24 .45 (2) Presently used tank car

[V 251k .2', . '7 .16 s t e e l s
(3) New steels which would be

A f.Iif) .20 .53 .i0 selected for future use.

A 7.7l' .J .46 .27 This method of analysis provides
a numerical basis for comparison of

A.HOH .12 .42 .21 the past fabrication and service

experience for tank cars with the

A-808 PlATE SUAPlF expected improvements for the new

wM1IIIlIlTY ]423E 
+ IASM (M_ PlATE cn)ITI steels

The weldability analysis graphs
%CTI P(,M, that has been developed for this

MII A (04) .12 .42 .22 purpose, provide a chronological
description of the improvements in

Oqilli ,' 3 .1| .42 .20 weldability fol standard grade
MII B (IC1R) .08 .37 .16 steels. The analyses cover the

period of 1950 to 1955. The major

![i1 8 1 (ICH .06 .18 .15 steps int he evolution of weldable
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steels are cited in the reference
graphs.

GENERAL DESCRIPTION OF THE AAR COCRACKIN
PROJECT FOR SELECTION OF NEW CRCK HAAZ(450RC)

TANK CAR STEELS ( 0 SWLE

During the past fifteen years I R CAKUAC ESOXIDIZED
the Association of American Railroads I DURING STRESS RELIEF

BRITTLE ! HEAT TREATMENT
(AAR), in cooperation with the tank FRACTURE

car industry (RPI), has conducted
extensive studies for improvement of
tank cars. Tank cars never fail in

normal service. Failures by ductile A
tearing or brittle fracture have been
experienced only for the case of
severe accidents, such as derailment.

A review of brittle fracture
experience, reference (2), for the
sixteen year period of 1956 to 1980

indicates a very low incident rate.
Only 19 cases of extensive brittle
fracture were recorded for pressure
cars involved in accidents. Of the
1345 pressure cars that were impacted j.., IIt I.,It0.I I .6 1,. ,M-Id'- kA, ,

in accidents, brittle fracture htLat i tk, C-, r (.. V-, .

resulted for only 0.6% of the impact
points. This is remarkable perfor- welding procedures, includingmance record, considering that thewe d n pr c u es i cl i g
tanke crswre constdrc ted usig apreheat, had been used for the weld.
tank cars were constructed using as- The basic problem was identified as
rolled C-n steels that weratres. the high %C-CE% of the steel which
sensitive at service temperatures. resulted in high HAZ hardness for theThe role of weldability for the c s f s a l w l s
cited 19 cases of brittle fracture caie of smal welds.While this case was isolated
was analyzed in reference (2). incident, it has resulted in placing
Fracture initiation of 3 of the 19 regulatory demands for increased
cases resulted from the presence of inspection for crack detection.
HAZ fabrication cracks or hard HAZ These demands include possible
due to inadequate post weld heat requirements for certification of
treatment (PWHT) after modification crack-free condition for specific
or repair welding. It should be types of tank cars.
recognized that, unlike stationary Inspection to ensure the total
pressure vessels, tank car vessels absence of small fabrication cracks
are subjected to deformation loading is not technologically feasible. if
in cases of accidents. Therefore, attempted, it would be very expen-
elimination of hard HAZ regions is a sive. Moreover, such inspection does
special requirement for tank cars. not provide protection against the

In 1983 a complete head fracture notlp e otec agst th
was experienced for pressure tank car acc ent impact -- if hard HAZ
during humping operations in the regions are present. There is no
Canadian National Railroad, Toronto practical way to guarantee the total
yard. The tank car was fabricated in absence of hard HAZ regions, for the
198u using TC-128B steel. Failure case of field modifications or
analysis, reference (3), defined the repairs. It is not possible to make
fracture initiation crack-soarce as significant hardness tests for the
illustrated in Figure 1. The small HAZ regions.
fabrication crack was developed at This partial description of the
the toe of a small fillet weld, which certification problem indicates the
was the last pass for the weld importance of selecting new steels
connection tot he head. The hardness that inherently result in low
of the (HAZ) was equivalent to the hardness (ductile) HAZ for small
maximum hardness that could be welds. Crack-free structures can bedeveloped for the 0.25% C composition certified by the weldability of the

of the steel. steel. The degree of inspection that
This case is of special interest is required can be minimized with

because it was documented that proper considerable econom c benefit. These
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objectives are essential aspects of
weldability ratings for the steels. 2400 -

The rati3nale for selecting 2200 - 2W

specific candidate standard grade 200 ,
steels was discussed with the
principal plate metallurgists of the C lo 000

U.S. Steel, Lukens, Bethlehem, Stelco
and Algoma Steel Companies. The 400- 

- 
-A

steel representatives contributed 2W -- 70.
important information to the AAR 100,

P roje c t. ow-CM -w

It was not realistic to order

special heats for the purpose of the FE 3W

Project because of excessive cost.
Moreover, it was desirable to use
steel samples from normal production 0
sources. The steel companies which Cop-lo, of 1 , -- 0-1 A.-ko11I P-1

normally produce tank car steels, ,,ho C . ,i . ,
agreed to furnish plate samplus for
the new steels at no cost to the rolled (ICR) steels. If accelerated
Project. The test plates are taken cooling (AC) is used for ICR steels,
from current production of the the designation is ICR+AC.
steels. The U.S.Steel, Algoma, The A-808 specification may be
Stelco, Lukens, Bethlehem and satisfied by CR or ICR controlled
Kawasaki Steel Companies are con- rolling. The U.S.A. and Canadian
tributing specific steels, depending sources for the A-808 Project steel
on their production schedules. Each samples (five steel companies) use
of the steel companies has agreed to the Figure 2 defined CR practice. If
provide the microalloyed, controlled- a probable Japanese source (Kawasaki
rolled A-808 steel. The Project Steel Co.) for the A-808 steel is
steels are listed in Table 1. included, it is expected to be

Analytical comparison implies produced to the Figure 2 defined ICR
numerical comparison of weldability practice. The project does not
factors and fracture properties include ICR+AC steels because there
expressed in fracture mechanics is presently no ASTM grade for this
terms. Failure analyses for the old type.
and presently used steels can be The following discussions
related exactly to weldability describe the hardness level in the
factors and fracture properties. The relative terms of high or low. This
improved weldability and fracture simplified description is more easily
properties of the new steels can be understood, as compared to citing
translated analytically to define th- specific hardness numbers.
degree of assurance for prevention of The %C-%CE is based on the

service failures in the future, estimated typical composition, not on

the maximum permissible cited in the
EVOLUTION OF WELDABLE STEELS AND specification. For the purposes of

APPLICATIONS TO TANK CARS this report, it is not realistic to

reference the almost-never produced
:ELDABILITY FACTORS - Tank car steels maximum composition. After the
are selected frcm ,tandard grade reader becomes familiar with the
steels. The description of specific significance of the %CE-CE% para-
steel grades that have been used for meter, he may routinely use the
tank cars, or may be used i: the reference to specification limits --
future, serves as a reference to the with the realization that the %C-CE%
evolution of weldable steels. Table will be indicated for the high side
1 presents the chemical compositions of production range.
and tensile properties for the Figure 3 describes the evolution
standard grade steels discussed in of weldable steels in terms of the
this report. typical %C-CE% combination for

The Table 1 listing of Project spccific standard grade steels.
steels includes the A-808 microal- Figure 4 defines the decrease in HAZ
loyed steel of Cb(Nb)+V type which is hardness level for Project steels
controlled rolled to CR practice, with decreased %C. The effect of
Figure 2 describes the rolling high CE% is to increase the HAZ
temperatures for conventional as- hardness to the limit defined by the
rolled steels, controlled rolled CR band for maximum attainable hardness,
steels, and intensively controlled

415



3 1975, 1980, 1983) were aimed

_2 o o- 0J2 at reducing the %C and the

- O txl CE%. This had the intended
0 o , , ... o MN , s effect of continuously

06 1]. 4C WlW improving the weldability by

024 '-/ 028 , continuous reduction of the
S022 02 ,)8,0:,, ,E hardness level for the HAZ

020- . of small welds.
Olt- U 'S The Figure 3 weldability
0 016 analysis interpretations presented on

0-4 o0+0 the side of the figure, explain the
0)2 .... .)8. c [: ]0, - ) O t 851practical significance of the 1970 to

a il 5, 0 8o 1983 reductions in the %C-CE%
combination.

6, W' . . . 'S '' .. $ By following this sequence of

LAMC E -EN t steel evolution, the reader can
, ) ....... 11. , t ........ . .,,>*, ....... develop a significant understanding

for the meaning of a cited %C-CE%
combination. For example, it is

ou , s ,) )o 88, desirable to decrease the %C as much
03 ....2,SR as possible and aim for CE% values

030- _ = s= that are in the range of 0.45 to
af ooa1 PttS10R005611 0.40U%.
026 ,Kr, I ..... + it is noted that the 1970 step
0. o<. 024 -8. marked the end of the improvement for
- 22 C-Mn steels. The desired minimum
0)020 levels of tensile properties could
0)8 - 0 ,f,5, not be retained by decrease of the
0,8 1,6 o. typical carbon content significantly

l,* 04 below 0.20%C. The first microalloyed
0)2 .....)I4 L88)800 0 0)2 steels (1975) which are used in
0)0 88 0 00 . ,1 normalized condition, provided a
00, -| n1E TI0 I, decreased typical carbon content to
05W 1 , ,, 0 0.18%C, with retention of tensile

CAFMON 5 ) % properties.
. ............................. .. . Controlled rolling permits the

largest reduction of typical carbon
Low CE% reduces the hardness to a content to the 0.12 to 0.10%C level,
level that is below but near the with retention of tensile properties.
maximum hardness band. This is a special feature of the CR

As a first approximation, Figure and ICR controlled rolled steels.
3 may be interpreted to represent a The Figure 3 weldability
rapid decrease in the HAZ hardness analysis interpretations are based on
for small welds, with decreased the fact that tank car structures
carbon content. Therefore, the %C feature relatively low levels of weld
scale of Figure 3 serves as the restraint stresses. Therefore, HAZ
primary reference for hardness level, cracking is expacted only for high
For the same %C content, the CE% combinations of %C-CE%. The present-
scale indicates that higher hardness ly used A-516(0), A-515(70), and TC-
will be developed if the CE% is high. 128B steels have developed such

Figure 3 Is interpreted to cracking for small welds. The
signify that the evolution of the incidence rate is low.
steels involved: The A-633D and A-737 Project

(I) A desirable first step steels are indicated to preclude HAZ
(1960) for reducing the HAZ cracking beca-.se of the decreased %C-
hardness level by decreasing CE%. However, the HAZ hardness is
the %C. considered sufficiently high to

(2) An undesirable second step result in HAZ cracking if subjected
(1965) with respect to to accident Impact. Therefore, post
weldability by increasing weld heat treatment (PWHT) is
the alloy content which necessary to develop softer (ductile)
resulted in increased CE% HAZ for small welds.
for the TC-128B steel. The The A-808 steel (CR) features a
alloy Additions were made %C level that can only result in soft
for the purpose of improving (ductile) HAZ for small welds. This
the fracture properties. steel is indicated to preclude HIAZ

(3) All following steps (1970, cracking in fabrication and accident
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impact. It does not require PWHT for values. Limits must be placed on the

the purpose of softening the HAZ. plate thickness in order to retain a

Figure 5 presents the Figure 3 practical "spread." It is "spread"

plot with the added feature of the of tensile strength properties that

PCM% factor. This HAZ crack sensi- limits the lowest %C which can be

tivity parameter indicates that the used in the interest of improving

steel should feature significantly weldability.

less than PCM-
0
.
3 0

% for the purpose FRACTURE PROPERTIES FACTORS - The

of precluding HAZ cracking for tank evolution of weldable steels that is

car structures. described in Figure 3 is used as a

The Figure 3 and 5 plots clearly reference for fracture properties.

indicate that the advances in steel The 1965 development of TC-128B (A-

technology since 1965 have resulted 612 type) steel provided a signif-

in reducing the %C-CE% and the PCM% icant improvement in low temperature

parameters. These advances have been fracture properties as compared to

made to the point of "saturation" the A-516(70) normalized steel. This

because additional benefits related was due to the Ni, Cr, Mo alloy

to weldability are not expected for additions. The following develop-

the case of the simple structure ments of new steels featured fracture

features of tank car vessels, properties equivalent to or better

Complex structures such as offshore than the normalized TC-128B steel.

platforms may benefit from the lowest The AAR project is intended to

attainable %C-CE% and PCM% develop comparative data.
Because of its novel features,

0 0.06 0.1 0 15 0.2 0.25 0.3 0.35

6 0I I 7oo the A-808 steel has been examined in
650 terms of available data. Figure 6

W) -presents an analysis based on Charpy

V (Cv) properties. The band for

50 - 250 - Tcs COnormalized TC-128B is used as a

12o CO50 P -0 s reference. The A-808 specification

S 2-BEAD- N-PLATE -475 for steels of 0.010%S(max.) cites the
Z-450 CV values noted in Figure 6. These

- 425 W values indicate confidence by the
_ 200 - At 1 -- 400 steel industry for producing A-808
175 _ / ESTIMATED -375 (CR) steel featuring the estimated

35o band properties.

150 LC NOTE OCR CURVFS FUSE M FUrL SHEAR

COPMD-325 ~T TO 0 t SOE

1 40 120 1oo 80 60 40 .20 0 20 T C-

~30 - -30
BEADT -lTE ON -PAT

25- 275 12 's 12/1/4/ ,, .... .,0 ,Too':: ' TO

250 A~ S 4

8AT' AA A Co.

/~0 M3%S . .-9 , o, /_

BAND BASE , ,°"' . . ... ..
PEAL~o ,iCOTWTR Z 6, -o ,' °

~40 - S A-T

20 .40

0 a0.e 0.1 0.15 0.2 0.25 0.3 1) 35 200

C.ARBON M%)

0 M I I. so 30
2', 200 TTO ToIO000 0

?'Sur* 5 COlpans of t2-I Es-t edta HAZ 4ardress for t ne TE144PET"TURE0'M~d1(

Retention of yield and tensile

strength properties becomes difficult The dtta for Japanese produced

as the %C is decreased. The strength A-808 steels rolled by ICR practices

factor establishes the lowest is also presented in Figure 6. These

attainable %C level. Increasing the steels feature very low 0.003%S. It

%Mn and adding the Ni and Cu permits appears that the combination of ICR

attaining 0.06 to 0.08%C levels for plus very low %S as results in a

CR and ICR steels. However, the large shift for the CV curves to

steel mills are forced to produce the lower temperatures, and high shelf

steels with a very small "spread" values. The shifts were compared on

between the minimum specified tensile the basis of the transition from 0%

properties and the actual production cleavage fracture (full shear), to
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100% cleavage which indicates a 0.010%S) steels. The NDT band for
completely brittle condition, these steels is estimated to be

located at slightly lower tempera-
LOWESTSLUL TEW ,URE tures than the TC-128B band. The

-,1 - 0 -0 -80 -70 -60 -60 -40 -0 -20 C 0 c Project data should define the exact
,.o- S location of this band. For purpose

.. . _ of preliminary analysis the average
C~o RCK 21' BY ASWs 0 NDT temperature is conservatively

SYACCCRfT estimated as -60°F(-15 0 C).
041 MW RC

008, The slide-graph analysis
r, indicates that at the -300 F) (-34 0 C)

0 ' "Tm- O 04 LAST it is necessary to develop near-
_ yield-stress impact loading at sites

02 0R, W 2 of large cracks -- in order to
CA, develop a brittle fracture. At

-. - . - t- l , higher temperatures the steels are0 1.- 1.- '. -0-0 -0 20 0 ' OF fracture-safe. Figure 6 cites that
I FO R, K, large fatigue cracks must be present

r slt for fracture at -30°F(-340 C).
I I , I Fabrication cracks are not expected

for the new steels, because of their

-M .superior weldability properties.
S,-I.. There is a v low probability

that the crack s' loadf .
The Figure 6 CV data have been conditions are d ": Lope "t r, LAST

analyzed in terms of the requirement temperatures. _' lid grap..
for precluding the development of analysis indica. near-zero prob-
brittle fracture in the case of tank ability for the -zvelopment of
car accidents. The lowest an- brittle fracture for the new steels.
ticipated service temperature (LAST) The very low NDT temperatures
fur the shell is -30°F(-34 0 C). The that are claimed for the A-808 type
brittle fracture rate for the case of ICR(0.003%S) steels are not required
old and presently used as-rolled for the purpose of preventing brittle
steels is 0.4%. These steels feature fracture at near-LAST temperatures.
CV 15 ft.-lb. (20J) temperatures in The range of NDT temperatures of A-
order of 30°F (-1°C). It was 808(CR) steel is expected to satisfy
concluded, reference (2), that use of fracture prevention requirements.
normalized TC-128B steel which has a Therefore, decreasing the NDT
15 ft.-lb.(20J) maximum temperature temperature by ICR controlled rolling
of -50°F (-460) would reduce brittle of this steel does not provide
fracture rates to 0.1%. This low additional benefits.
value is based on the pessimistic
assumption that the accident tempera- CONCLUSIONS
tures were close to the -30°F (-34 0 C)
LAST. The development of new types of

Steels which feature a Cv band weldable steel since 1970 provides
that is significantly better than the three primary options for the
normalized TC-128B band, are expected selection of improved tank car
to reduce the brittle fracture rate steels. These options are defined by
to zero. Therefore, the estimated CV the following listing of astm
band for the A-808 (CR) st-;el of standard grade steels. All of these
0.010%S (max.) type implies that steels are specified to the minimum
brittle fracture is not possible for tensile properties of 50 ksi (345
all service temperatures equal to or MPa) yield strength and 70 ksi (485
higher than -30°F(-34 0 C). The very MPa) tensile strength.
low CV transition curves of the
0.003% ICR type of A-808 steel are (i) A-633D -- This steel is a lower
not required for the purpose of %C version of the presently used A-
fracture prevention at lowest service 612 (TC-128B) steel of C-Mn plus Ni-
temperatures. Cr-Mo-V alloy type. It is produced

Fracture analysis that does not as a normalized steels.
require comparison with service
experience may be made analytically (2) A-737B(LC.) -- This steel is
by the use of the AAR slide-graph representative of the first genera-
procedure. Figure 7 presents a tion Cb(Nb) microalloyed steels. It
slide-graph analysis which includes is produced as a normalized steel
the A-633D, A-737L.C. and A-808 (CR- because equivalent properties cannot
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be developed by controlled rolling, analysis and fracture analysis. As

such, the conclusions are intended to
(3) A808 -- Tiindicate the probable bases for final()A-808 -- This steel is represen- slcinb h akCrCmite

tative of the second generation selection by the Tank Car Committee.

(Cb(Nb) plus V microalloyed, con- 
The general conclusions are:

trolled rolled steels. While not (1) The new standard grade steels

specifically stated, the ASTM that have been developed since 1970

specification is intended to repre- are expected to satisfy near-term and

sent controlled rolled steels. This long-term requirements for improved

steel may be produced by CR or ICR tank car steels.

rolling practices. For low tempera- (2) The normalized C-Mn type A-633D

ture service the steel should be steel and the normalized microalloyed

produced to the specification of A-737B(L.C.) steels are expected to

0.010%S (max.). satisfy near-term requirements.
These steels require post-weld-heat

These ptimary options were treatment (PWHT) for this purpose.

defined by preliminary weldability (3) The controlled rolled, microal-

analysis and fracture analysis. The loyed A-808(CR) steel of

weldability analyses were made by 0.010%S(max.) type is expected to

reference to the parameters %C-CE% satisfy long-term requirements. This
and PCM % parameters. A generalized steel does not require PWHT, because

interpretation of the weldability ductile (soft) HAZ are developed as-

significance of specific parameter welded. This is a distinct advantage

values is provided in this paper for for the case of modifications and

readers who are not expert in the field-welded repairs.
A major reason for preference of

subject of weldability ratings. the microalloyed A-808 CR steel is
The fracture analyses were made the fact that controlled-rolled

on the basis of design objectives for steels are expected to replace
assured prevention of brittle normalized steels, as the primary

fracture in cases of accident, at the source of plate products. The direct
LAST of -30°F(-34 0 C). The fracture processing of CR steels eliminates
properties of the three steel options the need for normalizing heat
that were first selected by weld- treatment, which is a more expensive

ability analysis, were estimated from batch operation. Lower cost and
available data. better availability in the future are

Sample plates of the three new important factors for the CR steels.
steel options and the presently used The CR steels are considered

TC-128B (A-612 type) steel, have been equivalent to the ICR steels, with
procured for the purpose of welda- respect to satisfying weldability and

bility testing and mechanical fracture properties requirements.
properties determinations. These Therefore, the case that may be made
steels are cited as the AAR Project for use of ICR steels rests entirely

steels. The test program includes on the economic factors of relative
mechanical properties tests, welda- cost and relative availability.

bility tests, and qualification type These are steel market considerations
welding tests. Therefore, complete that are subject to change. The tank

data documentation will be available car fabrication industry normally

for comparison of presently used and considers these factors in procure-

new steels. ment of tanK car steels.
There is a high degree ofThee i a ig dereeofIt is emphasized that the AAR-

confidence that the Project data will RPI It s es ht te A-
confrm he gnerl pedicion ofProject does not include microal-

confirm the general predictions of loyed steels of the ICR plus SC
the preliminary weldability analyses (Accelerated Cooling) type, described
and fracture analyses presented in in Figure 2. also, that the Second
this paper. Phase investigation described in

The purpose of the Project tests Appendix C does not include ICR+AC

is to generate specific data required type steels. The use of AC practice

for final selection of the best by teels.a Te se ompae c
option(s) for future use as AAR by the Japanese steel companies
etifed tank futr seels.e fanal Aresults in partial transformation to

certified tank car steels. The final bainitic microstructures. Therefore,

selection(s) will be made by the the AC steels represent a different

Steel Task Force of the AAR Tank Car and complex category of steel which

Committee. is not covered by ASTM
The general conclusions which isn to d A

can be made at this time were evolved specifications.The reader is advised that
entirely by preliminary weldability Japanere ICR+AC steels may be of
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interest primarily for production of
thick plates featuring relatively
high tensile properties. Since the
applications for tank cars are for

plates of less than 1.0 in. (25 mm)
thickness, the ICR+AC (bainitic)
steels are not of interest to the

Project.
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PRODUCTION AND APPLICATIONS OF
HIGH STRENGTH STEEL SECTIONS

A. Frantz, J. B. Schleich
ARBED-Recherches

Esch-Alzette, Luxembourg

ABSTRACT tics of a HSIA steel depend on its applica-
tion. This is certainly true for heavy sec-

During the last years, competition with tions, which are currently used for the
concrete as well as the pull of modern steel following applications:
construction, resulted at ARBED in new - Bearing piles in foundations
advanced techniques for the cost-effective - Industrial equipments
production of improved high strength low- - Buildings
alloy steels (HSLA). - Nuclear power plants

In comparison to steels with lower - Offshore structures
yield point, HSIA steels present many econo- - Arctic applications
nic advantages contributing to improve com- The present paper covers steelmaking,
petition of structural steelwork. therncmechanical rolling, properties and

Increasing requirements in construction applications for the following 2 ARBED-HSIA
steelwork ask for an inpressive scope of steel grades:
mechanical and technological properties: - Fe E 460 Fritenar - presenting a mininum
high yield point, good weldability and yield point of 460 Wa (67 ksi) and high
excellent toughness. toughness properties at -20'C (-4°F). This

In this paper are presented steelma- steel grade which is equivalent to ASTM A
king, thenrechanical rolling, properties 572 Grade 65 is available in sections with
and applications of the following 2 ARBED thicknesses up to 60 nm (2,4 in.)
steel grades:
- Fe E 460 - Fritenar (yield point - AST4 A 572 Grade 50 Fritenar - developed
460 Ma min.) especially for Jumbo sections to be used as
- ASTM A 572 Grade 50 - Fritenar (yield tension nmbers, combines a minimum yield
point 345 MPa min.), developed for Jumbo point of 345 MPa (50 ksi) with good resis-
columns tance to brittle fracture at a tempera-

Concerning the applications results of ture < 00C (+320F). The heaviest section
tests performed at different universities produced in grade Fritenar is the Jumbo beam
are high-lighted, as well as the successfull WF 14"x16"x730 lbs with a flange thickness
use of Fe E 460 - Fritenar in buildings, of 125 m (4,9 in.).
park-houses and bridges.

2. FABRICATION ROUTE FOR SECTIONS - For the
1. INTRODUCTION - During the last years, fabrication of structural steel sections,
campetition with concrete, as well as the ARBED uses the following fabrication route:
pull of modern steel construction, resulted
at ARBED in new advanced techniques for the Blast - furnace
cost-effective production of improved high I
trength low alloy (HSLA) steel products Oxygen steelmaking plant1, 2. -41 1

In coqparison to steels with lower lidle treatment
yield strength, HSLA steels have many advan- I
tages contributing to improve the competiti- Vacuum degassing
vity of structural steelwork: I
- Higher loads and or lighter structures Ingot casting

are possible I
- Reduced transport and handling costs Blooming mill
- Reduced machining costs $
- Lower assembly costs Rolling mill
- Reduced number of steel members I
- Reduced building tine Finishing + Inspection

Increasing requirements in constructio-
nal steelwork ask for an impressive scope of At present a big part of world steel
mechanical and technological properties to production is produced in continuous cas-
be offered by HSLA steel sections: ting, because of its cost-effectiveness.
- High yield strength This is certainly true for wire-rod and
- Good resistance to brittle fracture plates. For this reason ARBED uses this
- Excellent weldability route for its whole wire production. Inves-
- Unchanged properties after stress-relie- tigations carried out in order to study the

ving possibility of producing also sections from
- Resistance to lamellar tearing continuously cast material came to the
- Good internal soundness result that ARBED should maintain the ingot

The requirements for the characteris- casting route for the following reasons:
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- By remarkable progress made in its steel- (austenite -+ ferrite/pearlite), what is
making and ingot casting technologies, an favourable for a fine-grained microstruc-
economic production of high quality sec- ture. The thenrmzechanical rolling process
tions, meeting the most severe customer coupled with on-line selective cooling,
requirements has been achieved. named TM-SC-process, leads to improved and

Excellent user properties are obtained, more hcmogeneous mechanical properties.
mainly by a combination of high deformation To be mentioned that the advantages of
ratios, typical for ingots, and application this thermonmechanical rolling ccepared to
of advanced thernuoechanical rolling tech- normalizing are inportant. Thermomechanical
niques. rolling is more cost-effective and asks for

Moreover, ARBED sections produced by a lower carbon equivalent for a given level
the ingot casting route show good internal of yield strength. A reduced carbon equiva-
soundness and high surface quality levels in lent leads after welding to a lower under-
accordance with the most stringent material bead hardness and decreases the risk of cold
specifications. cracking in the heat affected zone.
- By ingot casting it is possible to pro-
duce sections in a large range of geametri-
cal dimensions, specially beams with depths
up to 1100 mm (43"), flange thicknesses up
to 125 mm (5") and flange widths up to T(1o)
450 mm (17,7"). (00o -g , oughg ,rte,

Thanks to the high deformation ratio, 1200- 1 -1

this high quality level is also obtained
with extra-heavy sections. 100-NrahooH,
- Finally ingot casting offers a high
flexibility in producing special steel ,000-
grades in small quantities with short deli- al....... h a.....l

very time. 900-

3. STEEIk KING - In former times increased 800_ A -------------------------------
carbon content was the method to improve
strength. This was easy and cheap, but it N-b, of p ....
resulted in considerable deteriorations in M'....tructure

toughness and weldability. Modern structural
HSLA steels however are characterized by a
low carbon content (< 0,20%), where the loss Fig. 1 - Conparison of thermomechanical and
of strength due to the decreasing carbon normal hot rolling (schematically)
content is balanced mainly by the use of
microalloys and by thermamechanical rol-
ling.

In addition to the lowering of carbon
content, development of new metallurgical
techniques was necessary to obtain an impro-
vement of steel quality in respect to:
- Chemical composition: narrow range for

the different elements
- Low oxygen and inclusion content
- Low sulphur content and shape control of

the sulphides
- Low phosphorus content
- Low content of nitrogen and hydrogen
- Low content of tramp elements
4. ROLLING PROCESS - Since 1970, ARBED has Selectv cooling Tem perature

continuously developed the thermanechanical
rolling process for sections. The technology Temperture r~o,. o,. flaneo dt
consists in applying well defined deforma-
tion ratios at precisely controlled tenpera-
tures during the different phases of the 1: Normal e.. oec... ,o rll..ing

rolling process (fig. 1). During this treat- 2: Thmor...cha0ica roling plus

ent the flange-web intersection is selecti-
vely cooled (fig. 2) in order to decrease ..... c... g
the temrperature in the core areas and to
equalize the temperature profile over the Fig. 2 - Principle of the selective cooling
cross-section. The rolling is finished at a of beams during rolling
temperature just above the Ar 3  point
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5. STEEL GRADE Fe E 460 - FRITENAR Ii:ldWP! -1 [ iesI-. g,
5.1. Chemical composition - The chemical M4Pa
cacposition of grade Fe E 460-Fritenar is ks ps MPo ksl 85 750
given in Table 1. k 8 730-

Table 1 - Chemical cczposition (ladle) of o 0  
8700

Fe E 460-Fritenar 75 520 75

70 
70

Elements 1 1 1 480

65 - 4 65 600

<=0,20 < = 0,20 < = 0,20 440 450 560ml,,
% Si 0,10-0,55 0,10-0,55 0,10-0,55 60 4401, 60 550 -
% MW , 10-1, 70 1, 10-1, 70 1, 10-1, 70 0 440,0,-) 60 0 55

% P < = 0,025 < = 0,025 < = 0,025 I ,n , 0,'0(,l 0Z1 '/ ,/ 0, ,,)
% S < = 0,020 < = 0,020 < = 0,020 mot thick Mot. thick.

% Alsol > = 0,020 > = 0,020 > = 0,020 [lorgotior (so)
% N < = 0,010 < = 0,010 < = 0,010
% Nb 0,02-0,06 0,02-0,06 0,02-0,06 % 7'17s
% v - 0,06-0,18 0,06-0,18 40
% Ni - 0,20-0,70

Material > 10 mm > 20 mm 30 w/6

(0,34 in.) (0,78 in.) 7Z7-1
thickness < = 10 M < = 20 mm < = 60 m2

(0,39 in.) (0,78 in.) (2,4 in.) 20 17

w
10

0- Sample Direclior :lorgiu ircl

The steel is Al-killed and micro- o .... / . ,'/
alloyed. The chemical conposition is depen- mot. hic

ding on the material thickness.
Fig. 3 - Result of tensile test on beams in

5.2. Tensile test - The tensile test pro- grade Fe E 460-Fritenar
perties of Fe E 460-Fritenar to be guaran-
teed in the flange (1/6 width) are pres- 5.3. Notch-toughness properties - Notch
cribed in table 2. toughness properties are characterized by

The result of tests carried out on Charpy V-notch impact test carried out on
beams with material thicknesses from specimens taken in longitudinal direction.
10-60 nn (0,39 - 2,36 in.) is given in The inpact values to be guaranteed for
figure 3. It can be seen that the guaranteed Fe E 460-Fritenar are indicated in table 3.
values are largely obtained for all material Figure 4 shows the test results
thicknesses, obtained on an HE-beam with a flange thick-

ness of 40 mm (1,57 in.) at the standard
Table 2 - Tensile properties of position (1/6 flange width) and at the
Fe E 460-Fritenar intersection flange-web area. For both posi-

tions the inpact values at -20'C (-4 0F) are
at a fairly high level, what is demonstra-

Yield point Tensile strength Elongation ting the good resistance against brittle
MPa [ksil MPa [sil] (o - do) fracture of grade Fe E 460-Fritenar.

Table 3 - Charpy V-notch impact properties
Material thickness in mm 6 60 4 60 in longitudinal direction
< 16 16<t<40 40<t 660

460 min. 450 min. 440 min. 560 - 730 17 ii.
[67] [65] (63] [81 - 1061 AbsorLed Energy min.

Joules [Ft. ibf)

-20'C [-4rF] 0'i [+32-F] +20'C [-68-F]

40 47 55

[303 [35] [41)
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.... oe /5.5. Stud welding - In the case of mixed
200__-

"  
n°m tle (steel-concrete) constructions it may happenL position:logtdnl( e l

40i .... .nl that studs have to be welded to a structural
120 10 (5 element by the drawn arc stud welding pro-

,0 cess.
,o140 r Grade Fe E 460-Fritenar is suitable for

C 90 1 o0 such a welding process and an approval has

t  ,00 L been granted to ARBED by the "Schweisstech-
6o (A onische Lehr- und Versuchsanstalt Duisburg
0 "(F.R. of Germany)".

40 O. , For the qualification test, studs of
30 "J 13 rm (0,52 in.) and 22 mm (0,87 in.) have
20 -' been welded to a 20,5 rm (0,81 in.) thick
10 -beam flange without preheating.

-0 o -0 -20 0 20 'C The results of the Tetallurgical exami-
F- nation, hardness test and shock bending test

-0 -60 -40 -20 0 20 40 60 °V have been quite satisfactory and in accor-
emu-..... odance with the prescriptions of the german

Iu.....d ..n.gy 1.' standard DIN 8563 Part 10.
I lng. thickness: 40 mm (1.57 in.)

5.6. Influence of stress-relieving -
Stress-relieving at 580"C (1076F) has been

Fig. 4 - Charpy V-notch impact test on beams performed on material in the as-rolled con-
in grade Fe E 460-Fritenar dition and on butt-welded material.

For the as-rolled condition as well as
5.4. Weldability - Fe E 460-Fritenar can be for the welded condition (figure 6) thete is
welded with all manual and autcmatic welding no significant influence of stress-relie "ing
processes like manual arc welding and sub- on the yield strength, tensile-strengzh,
merged arc welding, provided that the gene- elongation and the Charpy V-notch impact
ral rules are respected. properties.

The welding conditions depend on the
welding process, the material thickness and
the hydrogen content of the filler metal.

Welding trials carried out on different
sections with heat-inputs situated between
18 and 25 kJ/cm (46-64 kJ/in) have shown
that after welding, the ductility of the
heat-affected zone remains at a high level.
The test results are given in figure 5.

Test temperature: 0" C (+32 F)

Beam IPESO0 Bea- H400A Beam -1000M
ffbtf)tJ u Tes -ttn Materlal Thlckmeee Moteroll th-ckness Sample Position(ft.lbf) (Jou es i=o - ( qi 07 I, 0 - ,5I=00me (0 38 In( 0 16 mrn [0.75 In. a =0 tmm S' In) (lngtu nl
Heat Inpuu eat Input e n(longitudina
=19 kJ/cm (46 kJln,) =23 kJ/cm 58 kJ/nJ =25 kJ/Cm (FA kJ/n1,

220 -300

180 250

140 -200

100 150 
3 2 1 4

joW.M. =Weld Metal

20 100 f = to 740-- F.L. Fusion Line
60 -1 0(0 42-1 57 ) B.M. =Base metal

50 4.. ...... ... ..
20 0

W.M.F.LF.L.+ B.M. W.M. F.L,F.L,+ R.. W.M, F.L.f.L.+ P.M.

2mm 2mm 2n-n-

Energy level of 47 Joules (35 ft.lbf)

Fig. 5 - Charpy V-notch impact test on manual arc welded joints in Fe E 460-Fritenar

424



Beam: HI 000M4 Tensile test spscmen
Moteriol thickness 40 r - Weld .. I (W.i.) - CIrrpy V- r.

Welding process: ru l or og rus, .. .n. °o ...

in coverso e-1 ro "d B Fusior line +2mr (r L++2mm) seri-re

Rolling direction

Heat input: 25 kJ/cm (63.5 kJ/in.)

Tensile test Clrpy V-rotch irnp.Oct ts c . C (+32 F)

MFa ksi % J ft.lbf

700 100 40 240 - 180

200 -140

600 9030 ~ 160

80 120

500 20 80 60
70 40 20

400 ,wld o7 .. 5.. ,h 60 10 E o0 W.M. F.L. F.L. + 2mm

5d

..--- Minimum guaranted values

MAs-welded
gAfter stress-relieving of 580'C- 1.5h

0.1 87C I1.46-Mn I0.46:Si I0.06-,A .0.032-"Nbi 0.1 6? VJ.474-,NiJO.007N

Fig. 6 - Influence of stress-relieving on the mechanical properties of welded joints in steel
grade Fe E 460-Fritenar

5.7. Applications of Fe E 460-Fritenar in 5.7.3. Beams in Fe E 460-Fritenar - Use of
structural steelwork beams in Fe E 460 leads on the one side to
5.7.1. General remark - Until now, the num- weight saving of about 15% as compa ed to
ber of structures built with hot-rolled steel Fe 510 LY.P. = 355 MPa (50 ksi)i when
beams in high-strength steel Fe E 460 is choosing the same beam depth, or on the
rather limited. This is due to two major other side to depth reduction of about 11%.
facts, namely: Deflection problems can be solved by reali-
- Most of the existing standards are limi- zing composite beams, where the steel sec-
ted to steel grades with yield strength less tion is connected to a concrete slab by
or equal 360 MPa. shear studs (figure 8). It should be noted,
- Engineers and steel constructors are very that stud welding can be performed by the
suspicious of new materials, usual way without preheating.

In future, these handicaps should be
removed by introducing grade Fe E 460 in the 5.7.4. Frames in Fe E 460-Fritenar - In
most important national and international industrial frame buildings, weight savings
standards and by giving the custcarers argu- reach 30% ccrrpared to grade Fe 360. In the
ments and data concerning the fabrication past, ARBED realized several tests on frame-
and the application of the new steel. joints at the University of Karlsruhe

In order to succeed in this field and (figure 9). In spite of the very high yield
to create a scientific background, ARBED- strength of 570 N/m2i obtained, the beha-
Research is realizing a large research pro- viour of the test specimen was astonishing,
ject with the aim to give the customer all by reaching nearly the full plastic moment
the data he needs for using HSLA-steels. without local buckling. In fact, at the end

of the tests, a plastic hinge could be
5.7.2. Columns in Fe E 460-Fritenar - When visualized by special methods (figure 10).
using columns in steel grade Fe E 460, the
average weight savings are about 22% as comr- 5.7.5. Reference objects - Due to the rea-
pared to grade Fe 510 (figure 7). In some sons evoked above, the number of reference
cases, e.g. for certain buckling lengths or objects is rather limited. However some of
different steel shapes, the savings may be them are worth mentionning:
much more pronounced. At the same time, the
total area of the column can be reduced by
about 25% in average, increasing by this way
the effective area of the building.
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Buckling load (IkN) G rode FeE46O
Yield point 460 MPo min (67 ksi)

24000 Grade Fe 510
Yield point 355 MPo min (52 ksi)

20000 Weight

- -HID 400x40Ox463 25 in9%

16000 HD4=4N4

HO 31O.310.4151

12000 HO 310x3IOx3 3 25

HD 26Ox260 329

800HOD 260.260x252 2

HO 21O 21O N249 12
"000~ 

HO 2 0 2 0.198 205

HO 2l0x21O~61 167
4000 - HO 2lOx2lOxl19 188

____________________ HE 300 A 2
HE 300M AA10

0 - HO 2lOx2l0 59

10 20 30 40)5
Bukig0nt M

Fig. 7 - Comparison of the buckling load of columns in steel grades Fe 510 and Fe E 460

yu (I Nm) ;PE 240 IPE 400 [PE 602)

3000 Concrete C30 Concrete C30 Concrete C30

,la 1000.120 Slab 1000,140 Slat, 10000160

2600 1 eE46O (Y P =460 M~P )
2200

1800 x Fe 510D (Y P = 355 MPO)

1400 F e .-60 (Y P -235 MPo)

1000-

600-

200

0
240 400 600

Profile depth (mm)

Fig. 8 -Ultimate bending marent of caqposite beam
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(Y.P. = 355 HPa) At the same time, weight
savings of about 30% could be realized. This

' ' ( -'qtwo gains had of course a decisive influence
Z- on the economy of the object.

p -.- X AB hp B) Multi-storey parkings in F.R. of Germany

- x- ,R - In Germany, several objects were realized
_. T in Fe E 460. Beams with spans of 16 meters

WO used in park-houses allowed the parking of

-4 V( dis_ two cars on each side with space for traffic
Ds IuG 'inside (figure 12). Steel Fe E 460 Was cho-

4 bE - sen for clearance problems and for money
I JE saving.

Nevertheless the slab was not connected
_____ O P to the HSIA-beams, deflection problems could

s ,ss Ms M8 MR be avoided by choosing IPEA-shapes, which
T rs /-TB present the best ratio inertia/weight.

5 -Is QBS This application was the first refe-
bs rence, where Fe E 460 elements became stan-
I dardized structural elements.

hs - as
I-Ns~l

Fig. 9 - Calculation model for bolted joints

Fig. 11 - Data Processing Center in Luxem--
bourg

-Ai

Fig. 10 - Test specimen in grade Fe E 460
after testing

A) Multi-storey building in Luxembourg -
The public center for data processing in
Luxembourg (figure 11), erected in 1987, is
ccmposed by a multi-storey steel frame. In
order to have great facilities for later
disposition, the column section should be
reduced to a minixmxn. By using steel
Fe E 460, the column area could be reduced Fig. 12 - Park-house in Offenbach (F.R. of
by 40% compared to columns in steel Fe 510 Germany)
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C) Composite bridges for Turkey - As part 6. DEVELOPa4ENT OF HIGHLY WELDABLE JUMBO
of the construction of several bridges for a SHAPES FOR TENSION MEMBERS: STEEL ASfl4 A 572
new line of the "Light Rapid Transport GRADE 50-FRITENAR
System" in Istanbul (figure 13), the
requirements of the owner concerning clea- 6.1. Aim of the development - For many
rance and span were leading to the applica- years Jumbo shapes have been used success-
tion of tailor-made HL1000 beams with flange fully as columns in high rise buildings
thicknesses of 55 rrm in HSIA-steel according where they had to support only axial con-
to ASM4 572 (Grade 65). The four main gir- pre ssion loads, so that no special toughness
ders with a span of 34 meters support a con- requirements had to be specified.
crete slab of 25 an thickness. However, when Jumbo sections were used

The application of this steel grade in as tension members in large trusses or bra-
a railway-bridge proves also the good cings, cracking and even failures occure-i in
fatigue behaviour of HSLA-beams. groove-welded splices. An extensive '-udy

conducted at Lehigh University [4] lec to
5.8. Synthesis - By progress in steelmaking the conclusion that due to low toughaess,
and rolling techniques at ARBED, an econcmic mainly in the core area of Jumbo secticns,
production of sections presenting a combina- bolted connections should be desiy.Ted
tion of a high yield point (Re = 460 MPa) instead of welded joints when subjected to
and high tqughness at low temperature tension stresses.
(-20*C) [-4F has become possible. The In view of these results, ARBED started

developed steel grade Fe E 460 is weldable a research program to improve technological
with all usual welding processes. After wel- and mechanical propertic- of ASTM A 572
ding, the toughness of the heat-affected Grade 50 steel for Jumbo sections.
zone remains at a sufficient high level. It Based on ARBED's large experience as a
should however be pointed out that during supplier of high quality steel grades for
welding precautions are necessary in order offshore platforms in the North Sea, a spe-
to avoid cold cracking of the heat affected cial steel grade called ASTM A 572 Grade 5U
zone. Fritenar was developed for Jumbo shapes in

The material can be stress-relieved tension applications. This ste.l combines
without altering significantly the mechani- standard properties of ASTM A 572 Grade 50
cal properties. with improved toughness propertieE and high

Flame-cutting and machining can be per- weldability.
formed without any major problems.

The development of a HSLA-steel like 6.2. Trials - Trials have been carried out
Fe E 460-Fritenar will help to improve the on the 2 Jumbo beams indicated in table 4.
competitivity of structural steelwork. How-
ever the use of higher strength structural Table 4 - Test beams
steels is in Europe at present limited by
the fact that many standards and design
rules for structural steelwork do not eam type AS.1. A 6 Materii, thICress

include those grades. This situation will Group

certainly be improved by the introduction of Fla,

Eurocode 3 for structural steelwork.
WFI4"x.6"x73 lbs 5 125 . 76 8

(4,92 1n. (3, 0 .

WFI4"X(6'X37D lbs 4 68 ' 42 m

(2,67 !r..( (l,65

For each beam 2 variants were tested:
Variant A: ASTM A 572 grade 50 - standard -

quality (hot rolled)
Variant B: ASTM A 572 grade 50 - Fritenar
(Th-SC-process)

Beams in ASTM A 572 grade 50 standar-d
quality were hot rolled according to a nor-
mal rolling practice. Our new advaiced ther-
mamechanical rolling technique (TM-SC-pro-
cess) has been used for the Fritenar quality

Fig. 13 - Light Rapid T:ansport System in with a ra lified chemical compositirn as
Istanbul (Turkey) indicated in table 5.
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Table 5 - Chemical composition 11.0.-3.... 7,6

co) lng, '*ikk... . 1251.. 1I16g. '15ck07.6 68.m (1~

A £ , ,0 124 0,030O 0,014 0,23 0,0 1 0M0D 0.0 0.42 _4 4 W/2
.I -SC-po-,ocas0

6 In~on 0.16 0.,0 3of 0010 -20 0

0 40

6 S IS
+20

6.3. Results of the mechanical tests I4

6.3.1. Tensile properties - Tensile test F L i d20

specimens have been taken in the web in lon-
gitudinal direction in accordance with ASTM '60

standard. The results are shown in table 6. P 8G

Table 6 - Tensile test results Voo t A Voa1 B Vo,nt A Vo o,

V8r6(/7 A: ASIkO A 572 grade 50 - standard qualii
Vv.307 A ASTM A 572 grode 50 - Frlienor

1W5.dz0 402 1.0) 639 (91.3) 21 ./6 /2

Sit- .I", 5 (1,6) 26 ' o oI
6 .5 19 61W ) W42 (MO,) 20

Fig. 14 - Influence of the TM-SC-process on
the toughness of Junbo beams in a steel
grade with a yield point of 345 MPa min.

All tested material is in ccmpiance
with the requirements for Grade 50 steel In figure 15, the test results are com-
according to ASTM A 572. Fritenar steel has pared to theoretical values obtained on the
a considerably higher elongation, basis of an ideal elasto-plastic design. It

appears that experimental loads are conside-
6.3.2. Charpy V-notch impact properties - rably higher than the theoretical ones. For
Toughness properties have been evaluated by all 3 tests, the load corresponding to the
Charpy V-notch impact tests in longitudinal beginning of plastification is clearly
direction, performed on samples taken from higher than the admissible load for design.
the flange. Figure 14 shows the sample loca- These tests show that groove-welded
tions and the test results. splices of Jumbo shapes in ASTM A 572

For both test locations, Grade 50 Fri- Grade 50 Fritenar meet all structural
tenar steel shows considerably improved requirements and that they can be subjected
toughness properties. to high tension stresses with large safety

margins.
6.4. Full scale bend tests - The goal of
the bend tests on full scale samples was to 6.5. Synthesis - Based on the improved
determine the loads which can be supported chemical composition and our new advanced
by Jumbo shapes in tension applications. thermnemchanical rolling technology with

In these tests, performed at the Uni- selective cooling, Jumbo shapes have been
versity of Karlsruhe, a Jumbo shape in qua- developed, suitable for butt-welded connec-
lity ASTM A 572 Grade 50 Fritenar with a tions in ten.ion members.
groove-welded splice has been compared to 2
non welded reference shapes:
- 1 beam in ASTM A 572 Grade 50 - standard
quality (variant A)
- 1 beam in ASTM A 572 Grade 50 - Fritenar
(variant B)
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Tes eu pmnent 

Test result s

F F

1 ,Z --F - A - d- a- gr-am-

12 50 0 ------.... . .. - -- --- ---- --.

M 7500 6200- ------

12500 V

F ,h 10000 o22'

19 1 !1 '' ' 6 : 16 i.,
0E0 20 40 60 80 100 120 14C 160 190. h [renn]

nTeoretical coIcultonsj

Averoge yield strent fy 363 N/ra- 53 s,)

a) Elastc desgr L) P0st. des'gn Welded beo

r - A = ASTM A572 grode 50- FR.!e'

~~7 f Non -elded be-ro

------------------Y ------ ---- ---.. . . .. . ... . VH = AS M A572 rode 50 standad Q ,
ht

V = ASTM A572 g,2de 50 - !0,ter 00

~~~4 4 H

Fig. 15 - Bend test on reference and butt-welded Jumbo beams W14"x730

The new steel named ASTM A 572 Grade 50 - Good resistance to brittle fracture
Fritenar has the following properties: For the users these developments have
- fine-grained microstructure over the opened new possibilities in terms of weight
entire cross-section savings and easier fabrication and by this
- improved notch toughness properties, par- way contributing to a considerable
ticularly in the core area improvement of competitiveness of steel
- low carbon equivalent resulting in excel- structures.
lent weldability.

Large scale tests have shown that
groove-welded splices of Jumbo shapes in
ASTM A 572 Grade 50 Fritenar can be used as
tension members.

This new product enables cost-effective
design of steel structures and will contri-
bute to improve their competitivity.

7. CONCLUSIONS - Technical progress in
steelmaking and especially in thermomecha-
nical rolling of sections has been important
during the last decade. The developments
resulted in an economic production of a new
generation of HSLA structural sections ccm-
bining properties formerly supposed to be
contradictory:
- High yield strength
- Excellent weldability
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ABSTRACT70

MICROALLOYED CARBON RAIL STEELS

L-
Q 65

As rail trackage has decreased and car a<

weights increased, the basic rail steel has Q
been subject to conditions beyond its limits. <60
This has lead to the development of methods of 16

wimproving this eutectoid pearlitic steel to a
withstand present requirements. Beat I
treating. alloying and microalloying of basic >55
steel ha.; been investigated and the steels
field tested over the last several decades.
While each method has given major 50 -

improvements, heat treating appears to be the
most acceptable rail steel. However, recent 463
work on head hardening of microalloyed (Nb), 45 I I I I i
rail steel is an interesting possibility for '29 39 44 *47 51 55 57 60 65 70 75
future direction. Figure 1 Increase in Freight Car Capacity from 1929 to 1975

INTRODUCTION

This increase in load combined with higherSince the first use of cast iron plate speeds, longer trains, and reduced mainlije

over wood runners around 1767, there has been tce ed evredeand ondte existing
a continuing search for improved rails. For trackage placed severe demands on the existing

a cntnungserc fr xtprve ril. or carbon rail steels. Since the turn of the
the next 100 years the rails went throught century the standard rail steels had a

minor change in composition but major change co tion of 0.69 to 0.82% cad 0
in design until a tee rail similar to that composition of 0.69 to 0.82% carbon and 0.70

in esgnuntl te rilsiila t tat to 1.00% manganese with a fully pearlitic
used today came into common use. It was in trcu. Seeg Tale 1 (3,4) Thi a

1865 that the first bessemer steel rail was rile s ee ha a fairly cors p i

rolled in the United States. The next 100 spaing giving a ild stregt o

years saw little change in design but a large approximately 70ksi (482MPa) , tensile strength
change in cross-section as rails increased of around l35Ksi (930MPa), and fracture
from 50 pounds per yard up to 155 pounds per toughness of about 36Ksi (248MPa) . The steel
yard. The increase in cross section was had given good service, but modern conditions
required to compensate for the increase in has resulted in accelerated wear, shelling,
rail car capacity from less than 10 tons to detail iracture, corrugations, and plastic
40-5C tons. In the last twenty years the load deformation. Further increases in rail
capacity has increased to the point where some section size is not practical as the standard
rail cars exceed 100 tons. See Figure 1. steel rails are now in service conditions

where property limits are being exceeded.
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TABLE I CHEMICAL REQUIREMENTS

COMPOSITI.ON %
NOMINAL WEIGHT, Li/TY (KG/N)

o81 ( 91 (45(2 121(601)
ELEMENT to. to n Y vr

Carbon 0.55-0.68 0.64-0.77 0.67-0.80 0.69-0.82

Manganese 0.60-0 90 0.60-0.90 0.70-1.00 0.70-1.00

Phosphorus, max. 0.04 0.04 0.40 0.40

SuLfur, max. 0.05 0.05 0.50 0.05

SiLicon 0.10-0.25 0.10-0.25 0.10-0.25 0.10-0.25

High side rails on curves are deforming as a (5) In a number of reports from Russia, Zr

result of subsurface shear (shelling), while and Ce additions increase resistance to

the heads of the low side rails are being development of fatigue cracks and increase

crushed. Figure 2. toughness by 17% in through quenched rails by

refinement of sulfides and globularization of

Lubrication can reduce wear to some the brittle fractured silicates; Si-Mn-Al

extent, as can the modification of wheel and additions instead of Si-Mn increased the

rail profiles. However, none of these changes degree of deoxidation, reduced the effects of

can prevent failure due to the steel exceeding stringer silicates and increased impact

it property limits. strength; Ti, nitrogen and rare earths

additions changed the composition and shape of

Increased material and maintenance cost non-metallic inclusions, resulting in high

as a result of accelerated replacement strength and hardness, which gave wear

requirements (as often as six months on heavy resistance and contract fatigue strength rises

haul ore trackage), required the development of 150 - 200%.(6)

of premium quality steels with higher yields,

higher fatigue strength, higher wear

resistance, resistance to corrugations, good HEAT IREATMENT

toughness, and good weldability. To this end

the standard rail steel has been modified by Although an improvement, clean steel

quality refinement, alloy modification, practices can not raise the properties of

microalloying, and combinations thereof, carbon rail steel to an acceptable level for
todays severe service. On the other hand,

heat treatment of the standard carbon rail

OUTSIDE RAIL INSIDE RAIL steel can give vastly improved properties.

Austenising, quenching in air or oil, and

tempering can improve both toughness and

strength by decreasing the pearlite spacing

and refinement of the prior austenitic grain

size. As a result there can be up to a 50%

improvement in yield (i00/125Ksi-689/86 MPa),

tensile strength (150/175Ksi-1033/1203 MPa),

and hardness in the range of BHN 321/388.

Thus wear life can be improved by a reported

factor of three. Figure 3 and 4 are examples

of the effect of pearlite spacing and prior

austenitic grain size. (7,8).

Both fully heat treated rail and also rail

Figure 2. Difference in Wear of an Outside and Inside Rail 
he d har e el y induction ai n and air

head hardened by induction heating and air

quenching, are used in many areas today.

QUALITY REFINENT Although heat treatment was a major step

forward, there are limits to proserty

In non-lubricated rolling-sliding and improvements of the carbon steel. There are

sliding friction systems under large plastic also the requirements of additional equipment

deformation or on exceeding the deformation and added operations. Thus as an alternative,

limits, cracks appear in the near surface modification of the steel composition to

region which can lead to very high wear rates. provide similar or improved properties

This type of cracking has been ascribed to as-rolled has been under taken by many

non-metallic Mn-sul inclusions in some cases. companies and individuals.
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Figure 3 Dynamic Fracture Toughness as a Function
of Prior Austenitic Grain Size

Yield Strength and Hardness
Vs Pearlite Spacing

reduces the interlamellar spacing of the
ALLOY MODIFICATION pearlite. It is also a ferritic solid

solution strengthener. Manganese up to 1.35%
The development of self hardening, highly can be tolerated in terms of toughness. Above

wear-resistant rail steels with improved 1.7% it can cause welding difficulties. (11)
behavior in service through alloy additions to
the standard carbon rail steel was started in Silicon improves the strength and wear
the early sixties. (9) resistance as it is also a ferrite solid

solution strengthener. Up to 0.60% can be
The carbon level in the standard rail tolerated in terms of toughness. (12)

steel is based on the fact that the carbon
controls the volume fraction of pearlite and Chrome by lowering the transformation
is maximized at the eutectoid carbon content. temperature for pearlite gives a refined
Higher carbon contents would increase pearlite structure and thus increases
embrittlement. Lower carbons would increase strength. Chrome precipitates help strengthen
ferrite with a decrease in strength and the ferrite laths. (13)
increased toughness. Lower carbon contents
can be offset by additions of solid solution Molybdenum also lowers Uie transformation
strengtheners. (10) temperature and helps refine pearlite for

higher strength. At higher levels (.30% 40%),
Manganese, by its effect on the eutectoid the transformation temperature is lowered to a

carbon, increases the volume fraction of point where bainite is formed, resulting in
pearlite, reduces austenitic grain size, and lower strength and hardness. (14).

TABLE 2 - Ranges of chemical compositions of rail steels used in North America

Carbon Manganese Phosphorus Sulfur Silicon Chromium

AREA Standard 0.69/0.82 0.70/1 .00 >0.04 >0.04 0.10 to 0.25 ***

Nigh SIlicon 0.69/0.82 0.70/1.00 >0.04 >0.04 0.50 to 1.00 *-*

i ntermedi ate
manganese 0.65 1.37 >0.04 >0.04 0.10 to 0.25 ***

Chromium 0.72 0.78 >0.04 >0.04 0.25 1.31

meat- treated railts are produce only from AREA Standard
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TABLE 3 - Typical mechanical properties of rail steels used in

North America at 21
0
C (75

0
F).

Dynamic Fracture

0.2% Yield Strength Tensile Strength Elongation Tonnes

ksi "Pa ksi NPa % ks i 7 NI -5/
2

Standard 69.9 481 .9 135.9 937.0 9.5 26.0 28.6

High Silicon 70.8 488.2 137.0 944.6 10.3 19.0 20.9

Intermediate
Nanganese 76.2 525.5 133.4 920.1 13.5 27.0 29.7

Chromium 94.9 654.1 161.6 1114.0 9.2 19.0 20.9

Heat-treated 126.1 869.4 176.9 1219.7 9.5 34.0 37.4

Tables two and three show typical Vanadium additions of from 0.01 to 0.30%

compositions and properties for some of the have been made to standard carbon rail steel.

rail steels used in the seventies. Although As little as 0.03% reportly gives major

the high silicon, intermediat manganese and improvements to wear resistance, strength and

chrome grades were superior to the as rolled ductility, as pearlite spacing is refined and

carbon rail steel, they all proved inferior to VC-V(CN) precipitates are dispersed through

the same steel when it was heat treated. An the ferrite laths. Vanadium produces an

as-rolled steel equivalent to the heat treated increase in yield strength of 15/22 Ksi

steel was developed by reducing the chrome in (100/150MPa) with additions up to 0.15%, but

the chrome steel and adding molybdenum. See higher additions are not beneficial. (15-18).

Figure 5. On the other hand vanadium has been reported

to raise the transformation temperature for
pearlite, thus causing thicker pearlite

200 lamellars, lowering impact strength and

* * toughness. (19).

180 Tensile E Chrome appears to offset the effect of

Strength 1200 Z vanadium on the transformation temperature and

Z
,  

gives a lower temperature when in combination.

T_ 160 0 Thus the pearlite thickness is finer than with
( Z vanadium alone and fatigue strengthens up to

W 1000 65Ksi have been reported. Chrome levels of

140 0.4 - 1% and vanadium levels of 0.06 to 0.2%

a _J have been indicated. Service life of several
times better than carbon rail steel has been

O 120- StYilgdth 800 shown for 1% Cr- 0.1% V steels. Good

o weldability and 2.5 life improvement has been

-U < reported for 1% Cr-0.15% V. Hardnesses up to

100 0 BHN 400 were reported for.4%/6% Cr- 0.06/0.1%
LJ V with 115 Ksi (786 MPa) yield strength.

80 600 > (20-24)

0.15 0.25 0.35 0.45
MOLYBDENUM,% In Europe a lower carbon (0.4%) rail steel

with 0.4% Cr, 0.2% Ni, 0.17% V has been

Figure 5. Influence of Molybdenum Content on Strength of reported to give maj or service life
Chromium-Molybdenum Rail Steels of Grain Size ASTM 10 improvements. The Ni is added to control hot

shortness due to the copper. The Ni and Cu in

combination gave a finer grain size and

increased yield strength. As in the Cr-V

One of the problems with alloy steels is steels, a 0.5% Cr addition intensified the V

the tendency for the elements to segregate precipitates in the ferrite. This steel

during solidification. This has been reduced reportedly had good weldability. (25-26).

in part by steel producers continuous casting

rail steels. The microalloyed steel with the widest
acceptance appears to be V-Cr-Mo rail steels,

(0.07%V, 0.7%Cr, 0.2%Mo). These steels
MIGROALLOYING reportedly have yield strengths in the are of

121 Ksi (834 MPa), tensile strengths of 183

At the same time as the alloy rail steels Ksi (1260 MPa), and hardnesses around BHN 376.
were being developed, work was being done on See table 4. The chrome and manganese are

the development of microalloyed rail steels. kept low for better weldability. Also close
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TABLE 4 - Comparison of Cr-No and Cr-No-V Steel Rails

- ULtitiete
0.2% YieLd TensiLe

Steel Composition, Wt. Percent Strength Strength

C N Si Cr No V MPa (ksi) Npa (ksi) [1] [2] [3]

Cr-Mo 0.75 0.81 0.26 0.69 0.18 - 785 (114) 1210 (175) 11 25 350

Cr-Mo-V(I) 0.66 0.90 0.23 1.02 0.06 0.09 675 ( 98) 1100 (159) 12 21 327

Cr-No-V(II) 0.78 0.85 0.39 0.75 0.20 0.07 835 (121) 1260 (183) 9 13 376

[1] Elongation,% [2] Reduction in Area,% [3] Head Hardness HB

control of the Mo-Cr-V content is needed to pearlite colony size and thus better

prevent bainite formation and thus decreased toughness. Wear resistance compared to carbon

properties. (27). steel is doubled with 0.028 Nb additions.

Impact strength is greater or equal to steels

Niobium additions of 0.01% to 0.1% have of similar yield strengths and weldability is

been made to carbon rail steels. As little as quite good. Reportedly service test gave

0.028% Nb can give over a 25% increase in equivalent life compared to heat treated rail.

yield strength compared to carbon rail steel. (28).

A similar increase in hardness is reported

(BHN 320). The niobium lowers the pearlite In comparative weld test a .006% Nb steel

transformation temperature to produce finer containing chrome exhibited less variation in

pearlite lamellars and thus give higher the heat affected zone than Cr-V, carbon, and

strength. Niobium also lowers precipitates at heat treated rail steels. See figures 6 & 7

high temperatures and acts to control prior and table 5. (29). Chrome in combination with

austenitic grain size. This results in finer niobium reportedly gives a steel with critical

fracture stresses superior to heat treated

rail steels. Pearlite lamellars are finer as

350 is the pearlite spacing. This shows up in a

300 Carbon Steel Rail 40% increase in yield strength over carbon
rail steel, as shown in table. 6. (30-31).25 t... ..... * .......250.

Base Metal HAZ Base Metal Niobium-Molybdenum rail steels have not
200 d been fully investigated as early results

.450 produced a bainite structure at 0.25% Mo and
Cn 0.05% Nb, as a result of the pearlite
(0 Head Hardened Rail
W 400 - transformation temperature being retarded.
z
0 (32).
cr 350

, 300 Vanadium additions to 0.5/0.1% Nb -
0.85/1.4%Cr Steel producted mixed results.

450 Tensile strength was reduced with 0.1% V

> 400 -Cr-V Steel Rail additions. However there was a lOKsi (60 MPa)
increase in yield strength, although no effect

350 - ....... on ductility and toughness. A 0.2% V addition

110 caused significant reductions in ductility and
201 fracture toughness. (33).
250 I I

60 50 40 30 20 10 0 10 20 30 40 50 60
DISTANCE FROM FUSION LINE, mm

Figure 6. Hardness Distribution of Weld Joint Sections of TABLE 5 CHEMICAL COMPOSITIONS OF NEWLY
Three Types of Rails DEVELOPED RAIL STEELS (%)

C Si Kn Cr Nb

450 Type II Rail HAZ Base Metal

U) Type 1 0.81 0.89 1.21 - 0.014
WU 350

Ir300 - Type TI 0.75 0.90 0.82 0.61 0.011

z250 /_ ________________________

60 50 40 30 20 10 0 10 20 30 40 50 60
DISTANCE FROM FUSION LINE, mm

Figure 7. Hardness Distribution of Weld Joint of Type It Rail

437



of niobium in solution in the austenite and
TABLE 6 threfore increased the precipitation

strengthening of the ferrite. (See figure 8).
CARBON NIOBIAS SYDNEY A low finishing temperature on the otherhand,

ELENENT STEEL 200 STEEL enhances strain induced precipitation in the

austenite with a resulting refinement of the
C 0.74 0.78 0.70 pearlite colony size. (36).
Mn 0.80 1.33 1.10

Si 0.14 0.79 0.75 With lower carbon and higher manganese

Cr - 0.80 the niobium in solution can be increased to

Cb (Nb) - 0.028 0.06 give higher strength. Higher silicon contents

YS (1Pa) 510 645 705 can add to the strength and toughness,

TS (MPa) 920 1070 1040 enhancing the effects of the low finishing

Etong (%) 11 10 10 temperatures. At the lower temperature the

Red of Area (%) 18 15 16 ductility is improved as a result of the
(HBN) 267 320 340 elongated austenitic grains and the refinement

Yie(d\Tensile 0.55 0.60 0.68 of the pearlite cells. Reportedly, controlled

rolled microalloyed steels can be superior to
Cotumbium(Niobium) Rail Steel Comp (%) + heat treated steels. (37-39).
Properties Ref. 30

HEAD HARDENING OF MICROALLOYED (NB) RAIL

Boron additions have also reportedly been STEELS
made to microalloyed and alloyed rail steels.
In Russia, boron-vanadium additions reportedly Head hardening is a method of obtaining

increased the hardness to BHN 450 and tensile high strengths by induction heating or flame
F strength to 235Ksi (1619MPa). (34). The heating of the rail head, followed by air

English on the otherhand proposed a steel quench and cooling by conduction into the

containing up to 3% Mn, 3% Mo and boron with lower portion of the rail. This method of

optional additions of up to 6% Ni, Cr, Cu. hardening can produce a residual stress within

These bainitic steels are reportedly tough and the head and can be effective in preventing

wear resistance. (35). Apparently no boron the generation and propogation of subsurface

containing rail steels have been service cracks.
tested.

Table 7 shows the composition of the
steels head hardened (.005/.006% Cb), as well
as the properties before and after head

CONTROLLED ROLLING OF MICROALLOYED STE lS heardening. Head hardening in this work

increased the yield strength by nearly 50% on
Some of the more recent work on the average. The tensile strength increased

microalloyed rail steels has involved approximately 30%.

evaluation of the rolling temperature and more
precisely the finishing temperature. High This steel is readily weldable and has a

finishing temperatures promoted the retention minimum of property variation within the heat
affected zone. Service test indicated

satisfactory results when last reported.
(40-41).

(*F)

2000 2200 2400

.40%C TABLE 7 Necoanicat Properties of

.50%C Newly Developed Steel Rails

Q .60%C C Si Nn Cr Nb
,o3 .70%c

-i03
0W I.80%C uSl .76 .84 1.24 - .006

Z NSll .76 .82 .82 .49 .005

. 02
Z TYPE TS TS ELONG RED A

.01 Ingot Soaking ls I
Range AS ROLLED 608Pa 1098NPa 12% 18%

NT 373 1285 14 14
L I I _ i__ _ _

1100 1200 1300 1400 NSI Z
TEMPERATURE. °C AS ROLLED 608 1127 14 19

Figure 8. Nb(C,N) Solubility Curves in Austenite NT 902 1324 19 50
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SUMMARY

While the first century of improvements in
rail involved design of the rail cross section 4500 A

to meet demands of a growing transportation <4000 a Grain Size 22.7 i.m
industry, the second century involved the Q 3500 0 Grain Size 81.3 im
introduction of the steel rail and its growth 9 A

in ~~~ ~ ~ 1 crs eto ome nrae 3000- * e Grain Size 158.7 p~m
in cross section to meet increased weights and <  * Continuous Cooling (0.80% C)
speeds of an industry that had spread U) 2500 A * Isothermal Cooling (0.80% C)

c -A Isothermal Cooling (0.81% C)
throughout the world. ! 2000 - L_W15003

These first few decades of the third 2 100
century of rail transportation has seen SE AU & A

drastic reductions in rail line mileage, and 500 * On

increases in car weights and thus tonnage over K 0

the remaining trackage. This has brought 720 700 680 660 640 620 600 580 560 540 520 500

about minor cross-section design changes but TRANSFORMAtION TEMPERATURE ('C)

as previously mentioned, increasing the Figure 10. Transformation Temperature Effects on Interlamellar Spacing
cross-section volume is impractical with the
basic steel composition due to the steel being
pushed beyond its limits of failure. While similar results could be achieved by

controlled rolling, rail steel processing and
Improvements in the quality of steel can rolling procedures make it impractical if not

improve the resistance to shelling (subsurface impossible.
shear), as can a fine grain structure. Also,
it has been reported that a small amount of Microalloying by itself does not appear to

ferrite in a continuous network can work as a be the solution to rail steel requirements.
crack blunter. (42). It does provide major improvements in the

Heat treatment was a major improvement to presence of chrome as shown in Figure 11.

seels, trasme was the majoii ione te However, some of the V steels reportedly
rail steels, as was the modification of the require controlled cooling after heat treating
composition, mainly through the addition of to avoid martensite or bainite in the HAZ.
alloy and microalloying elements. Also, niobium solubility at the eutectoid
Individually these changes in practice have carbon level is such as to be most beneficial
resulted in major improvements in rail life by as a precipitate in the ferrite lamellae.
increasing the mechanical properties of the (43-44). With molybdenum, the microalloying
steels. Finer grain structures with finer elements must be maintained below a level that

interlamaller spacing such as show in Figure 9 will produce unacceptable bainite or
have been achieved by lowering the pearlite transition pearlite in the final
transformation temperature. See Figure 10. microstructure.

12

1- Standard Carbon

0 -- 0 Cr- 0V

a Te-egr Cr-Nb<
0-0 Cr-Mo

20 40 608

Mt. Newman Railway
FIGURE 9
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have some acceptance and have been in Chicago, ILL., Nov. 1979, )1980), 41-47.
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High-Strength Rail Steels", Vanadium in
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Cb-B STEEL FOR HIGH STRENGTH

BOLTS WITHOUT HEAT TREATMENT

Gabor Jeszensky, Gilberto S. Gonzales, SLrvio R. M. Passos
Siderurgica N.S. Aparecida S.A.

Sorocaba, S~o Paulo, Brazil

Rubens Cioto
Matalac Industria E Comrcio S.A.

Sorocaba, Sio Paulo, Brazil

alloyed with boron ano columbium. The

INTRODUCTION subject matter of this report is to sta

The high grade of process simplification blish the main parameters related with

inerent to the development of microalloy micrcalloyed steel bolt man-facturing and

ed steels for bolt making has been explo to evaluate their mechanical properties,

red by many researches departaments in me taking as reference the conventional quen

talworkino industries. The main task nowa ched and tempered bolts.

day is to outline all factors concerned MICROALLOYED STEELS FOR COLD HEADING

with cost reduclion and quality reliabi BOLTS - The mechanical properties of mi

lity to he search from this technologycal croalloyed steels usually are o3veloped

innovation. by controlled cooling of the wire rod at

Bolts with high tensile strength that the final stage of rolling. The cooling
2supersedes 800N/mm , as specified by TSO conditions are adjusted to promote very

898 and DIN 267 standards, can be produ fine particle precipitation durinq the

ced by introducing of microalloyed steels. decomposition of austenite (!,2).

The microstructure of the wire rod in To select the steel composition it is

this material has a fundamental role in worth note that for low carbon uoades the

achieving the desired strength. Dual-pha columbium is more efficient th,, vanadium

se hainitic structure is necessary to at to increase yield strength (3).

tend high strength levels. Low carbon mi Many published papers (1,2,4 to 7)

croalloyed steel with boron and columbium shown that the austeno-martec.-<te baini

is indicated for easier achieving these tic structure is more adequate to develo

requirements. pe high tensile strengths by cod working.

In view of this subject, the Sider~r The additions of boron plus columbium chan

gica Nossa Senhora Aparecida, traditional ges the continuous cooling curve of the

special steelmaker in Brazil and Metalac, low carbon-manganese steels in away of

high technologycal Boltmanufacturer, are that they retard the ferrite-perlite trans

engaged together in the development of formation, promoting better conditions to

bolts class ISO 9.8, from a base composi get bainitic structure by controlled coo

tion of low carbon-manganese steel micro ling, as shown in figule 1.
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_ Mn T p I S CrI
/000 0.19 1.62 o.019 0.017 0.1o

900 \ Al Cb B N2

_00 0*)\ 0.032 0.12 j0.0012 0. 00594
700 -The heat was melting in a eletric arc

N \C M'Nb furnace of 25t, degassed in a VD system,

Vs" I \Iand casting in ingots of lOt. The wire

400 - \ \ \rod in roundness size of 1 .49mm was pro-

~ 3G -oiced froff billets of 118m2i square, in a0 X Xlooping mill with final speed of 5.8

200 rn/s.

/00 The wire rod was heat 'reated with

0 isothermal cycle in a continuo'.,s furnace

/0 /0 /03 (-usteqitization temperature of 95e0 C fol-
lowed by cooling in lead bath at 4500C).

TIME (s) The wire rod was orawing to size of

Rd O.9mm, coated with a zinc-phcsphate

Figure 1: Continuous Cooling Transforma- layer of 9 up to llg/cm2. The colts prc-

tion Diagram for Cb-B Microalloyed Steels duced was the type DIN 912 with internal

after Ref. 1. hexagonal cilindrical head ("Socket Head

Cap Screws") using a orogresive 4-stage

Usually, the desired microstructure cold heading machine, aiming tensile strength
2

is obtained directly from rolling, when level from 900 up to 1O00N/mm . Chemical

controlled cooling is available at the oxidation was the final surface treatment.

finished rciling mill (1,4,6) Meanwhile, For comparison identical bolts of class

identical characteristics can be achieved ISO 10.9 were manufactured from quenched

ov isotermal heat-treatment in continuous and tempered SAE 5135 steel at hardness

furnace, level of 33 to 36 Rockwell C. In ooth ca-

Tensile Strengths of 3bout 7JO-720N/ ses the deformation process and the tools

mm are required in wire rod to produce used were the same.

bolts with strength range from 900 to 1000 LABORACTORIES TESTNG FOR EVALUATING

N'/mm2 by cold working without quenching THE WIRE ROD BEHAVIOR - First of all,

anc tempering final heat treatment (lz, the work-hardening curves was plotted to

6). determine the workability of the material

under progressive drawing reduction ra-

EXPERIMENTAL PROCEDURES tics.
In the same way. the Kf curve was

ROCESS ROUTE FOR MANUFACTURING BOLTS plotted to know the material difficulty

CASS SO 9.8 FROM MICROALLOYED STEELS - or ease in furming operations. This is

The selected material (AP 15NB22) was a required to manufacture a product from

low carbon-manganese microalloyed steei an unknow material. This can be compared

with the following chemical composition: with known materials using compressive
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TENSILE STRENGTH AND YIELD STRENGTH

BRINELL HARDNESS

MPa HS MPo

V 00o 1170 1200 0
1000 •084 I 011',, 0

000- 950 " 1000 "90r.a .-- 35 a194
846 844

8oo 600 e 742 849
62, 3 * ,1; 0 66 9,.-' 746

600 - 60
271 468

400- 2 58A 250 400

z o o -
"

25 A 200
00 A I o 0 8 200

1 0 30 4050 510 6 0 10 20 30 40 50 0 o

COLD WORK (%) COLD WORK (0/6)

ELONGATION IN 2" REDUCTION OF AREA

40 80-

32.7 
75 755

30-

2.0 22.90 21.50 *65-

(3.00 (3806a. 6
10 62.95 (2.00

55 54.8

10 20 30 40 5060 70 80 10 20 30 40 50 i0 0 80,

COLD WORK I°/o) COLD WORK (0/.)

Figure 2: work Hardening Curves by Wire Drawing for the AP 15NB22 Microalloyed Steel.
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stress-strain curves and the manufactu-

ring methods can be rank in the light of '7
experience with known materials.

The microestructure was analysed by

optical and scanning electron microscopy.

MECHANICAL TESTING FOR EVALUATING THE

BOLTS PERFORMANCE

Tensile Tests - Tensile tests were

carried out in the bolts in accordance

with the norme ISO 898/I for measuring

the tensile strength, yield stress, ten-

sile strength under wedge, elongation,

impact in the head. Brinell hardness was HNO, - 3% 1000 X

also measured.

Torque-Tension - Torque-tension re- Figure 3: Optical Micrography Bainite

lationships was plotted, using a 60KN ma- Austeno-martensite in Wire Rod (0 13,49

ximum axial force machine and 200Nm maxi- mm = 17/32").

mum torque.

Fatique Tests - Fatique tests were

performed in -iccnrdance with the norme

ISO 3800/I aiming to plot w6hler curves.

The applied stress function was the type

tension-tension with median load of 23KN

(u'= 397N/mm 2), using five differents

amplitudes, with a frequency of 100Hz.

For each load it was used 5 specimens mi-

nimum.

EXPERIMENTAL RESULTS AND DISCUSSION

WIRE ROD BEHAVIOR - The figure 2 shows

the work hardening curves for the AP 15

NB22 steel. Tensile strength above than

900N/mm 2 are achieved vith minimum reduc- HNO, - 3% 1500 X

tion ratio of 40%. The material keeps high

ductility even increasing the tensile Figure 4: Scanning Micrographyof Bainite

strength at higher levels. This results Austeno-martensite in wire rod (0 13,49

agree with previous paper (1), using steel mm = 17/32").

of similar composition. The wire rod has

aausteno martensite bainitic structure

as refered in the literature (Figure 3 to consider that Kf = arn where f is the

and 4) (2). true strain;"a"is the stress strain for

The Kf curve of the wire rod is re- f= 1; and n is the work hardening expoent.

presented in figure 5. It is important The work hardening expoent taken from this
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curve is n = 0.135, then can be concluded formed in accordance with the norme ISO

that for the AP 15NB22 steel it is possi- 1898/I and the figure 6 the macrograph

ble to achieve tensile strength levels aspect of the bolts. The figures 7 and 8

higher than 900N/mm
2 

from ?higher than illustrate that the tensile strength and

0.83. the tensile strength under wedge 60 have

low scatter.

1200

1100

1000-
U900,6 00 

,

700
-600

3 500
400

300-

200-
1004

0,2 0,4 0,6 0,6 1,0 1,2 1,4 1,6

Figure 6: Macrograph Aspect of Bolts 9.8

AP 15NB22 Steel.

-7 :1 The data from table I point out that

the microalloyed steel bolts attend

Strain Y n" h the ISO standards class 9.8, as requi-

red for quenched and tempered steel

bolts.

Figure5: Microalloyed Steel AP 15NB22 - As shown in figure 9 the torque-tension

Characteristic Compression Test - Kf Curve. relationships of microalloyed is at accep-

table levels, although the mean and the

BOLTS PERFORMANCE - The table 1 shnws the scatter of torque coefficient are greater

results of tensile and hardness tests per- than usually found in quenched and tempered

Table 1: Mechanical Properties of Bolts as PER ISO 898/I.

ISO class
Mechanical Property AP- 15NB22 8.8 9.6 10.9

Tensile Strsnght Rm ( N/mm
2 ) 9oo 600 900 1040

Brinell Hardness HB F 30D
2  255 . . 2865 21 . . . 265 242 . . 310 295 . . 363

Stress at permanent set limit

tP 0,2 ( N/mm
2 ) 773 640 720 940

Stress under proof load (N/mm )  650 560 650 830

Head sudness no fractured no fracture

Nominal eild stress 0,86 0,60 -0,0 1 0,90

Nominal Tensile Strenght Rm

Elongation after fracture A,% min 13,7 12 10 _
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40% 50"

45'

40'

2 35"

30"

I O' ii ! A PI,5 NB 2

LU. AP 15NB22
CT 10].9 BOLTS

Ix 0 *1 60 70 it i' I10 20 340506070 40I0Io,

a 0 MA ( N..)
TENSILE FORCE (K TOROUE

MEAN TENSILE FORCE (MTF): 52,2 KN TEST CONDITIONS

>-TF + 3G"= 53,1 KN BEARING SURFACE: HARDENED PLATE (40HAC)

ITF - 30'= 51,2 KN FINISHED SURFACE: R = lOumZ

FREQUENCY: 2 RPM

Figure 7: Distribution of Tensile Force

for Bolts MIOX1,5 - DIN 912 - AP 15NB22 Figure 9: Torque Tension Relationship

Steel. for Bolts M10XI.5 DIN 912 - Black Oxide

Surface Treatment.

bolts. From this results can be concluded

that in this case it is necessary higher

momentum when tight system controiied by

Torque is used. For modern tight system,

30 controlled by angle, this aspect is nct

important.

20 The results of fatigue tests are illus-

trated in figure 10. The behavior of micro-

r/ / /7A/ Z alloyed bolts was better, even taking
10. / //into account that the mean load (23 KN)

used in both cases was more favorable for
the 10.9 bolts that have higher yield point.

0 - 4 The curves show the endurance limite

TENSILE FORCE (Kn for microalloyed bolts achieve the ampli-tude of + 84N/mm 2 
for 0 7 cycles while

MEAN TENSILE FORCE (MTF): 51,9 KN for the 10.9, in the same contition, achieve

MTF + 3cT= 53,0 KN + 52N/nm 2 .

MTF - 3G= 50,7 KN This conditions have been attributed

to the effect of cold working that results

Figure 8: Distribution of Tensile Force in a residual compression stress in the

Under Wedge 60. for Bolts M10 X 1,5 - root of the thread. The figure 11 shows

DIN 912 - AP 15NB22 Steel. the fiber texture that*is preserved due
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the absence of final heat treatment, that it is possible to use microalloyed

steels in the manufacturing of thesocket

CONCLUSIONS head cap screws for the class ISO 9.8.

The results of the performed tests show Although the tools life was not evaluated

it can be concluded oy the work hardening

___curve that the behavior of this steel

14* 0 AP-15NB22 will be similar to the quenched and tem-

X SAE 5135-10.9 pered Dolts. Using the same argument, the
140, production of bolts class ISO 10.9 will

"1 120. be possible, since the applied true strain

t00os achievee 1.3.
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ABSTRACT quenched joint bar the specification requires a
carbon content between 0.35% and 0.60%, and a

One of the important products supplied to the manganese content less than 1.20%. AREA spec-
railways is a joint bar that is used to bolt the ifications for the heat treated product require
ends of two rails together. For over seven a 70 ksi minimum yield strength, a 100 ksi
decades the American Railway Engineering Assoc- minimum tensile strength, a 12% minimum total
iation (AREA) has specified a C-Mn steel (0.35 elongation, a 25% minimum reduction in area and
to 0.60% C and 1.20% Mn max.) that is rolled to no cracking in a 900 minimum bend test (all
section and then heat treated. The heat treat- tests are longitudinal). Today, the oil-
ment, which consists of an austenitization and quenched joint bar is more widely used by the
oil quench, is aimed at developing a ferrite/ railways because of its higher strength and
pearlite microstructure with a yield strength better toughness than the as-rolled joint bar
above 70 ksi, a tensile strength above 100 ksi, [4). The typical composition of quenched joint
as well as adequate tensile and bend ductility, bar is 0.45% C and 0.60% Mn, and the product is
In order to provide a lower-cost product with usually silicon-aluminum killed. With this
mechanical properties at least equivalent to the composition, the microstructure after quenching
current q"aczhed product, we initiated work to in oil is fine pearlite with some proeutectoid
develop an as-rolled microalloyed joint bar. A ferrite at the prior austenite grain boundaries.
small laboratory program was conducted to The rails to which the joint bar is attached are
develop the composition best suited to the fully pearlitic.
thermomechanical treatment available on the ?0" In an effort to reduce manufacturing, and
mill at the Steelton Plant. This study showed hence final product cost, it was decided to
that a C-Mn-V-N grade could be hot-rolled to evaluate the feasibility of producing an as-
develop the desired mechanical properties. rolled joint bar with properties equivalent to
Subsequent mill trials demonstrated that similar the current quenched joint bar. Such processing
results could be obtained consistently in the would, of course, eliminate the heat treatment
production environment. Testing of rail operation. In order to develop an optimum
assemblies incorporating the new microalloyed property combination, it was felt to be neces-
joint bar is now in progress and, if successful, sary to look beyond current AREA compositional
should provide more widespread application of specifications and evaluate the benefits of
this new technology. lower carbon and higher manganese levels on

properties, particularly ductility and notch
toughness. Although there are no AREA specifi-
cations for toughness, the railways are becoming

JOINT BAR IS USED BY RAILWAYS to join the ends more concerned about the toughness of both joint
of two rails together (Figure 1), and provides bar and rail in general. Two approaches were
both structural and electrical conductivity for undertaken: (1) to develop an as-rolled joint
the rail system. For over 75 years, either an bar within the compositional limits of the AREA
as-rolled or oil-quenched C-Mn steel has been specifications, and (2) to develop a lower
used for this application (1-3]. The current carbon, higher manganese composition with im-
American Railway Engineering Association (AREA) proved properties. Microalloying is required in
specifications require a minimum carbon content both approaches to compensate for the loss in
of 0.45% for an as-rolled joint bar, and mandate strength in going from the as-quenched condition
a minimum tensile strength of 85 ksi and 15% to an as-rolled condition and, in the latter
total elongation for this product. For the oil- case, going to a lower carbon content.
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Because of the thermomechanical processing 1875°F followed by air cooling. The soaking and
cycle for joint bar production on Steelton's 20" finishing temperatures were typical of those
mill, where finishing temperatures are typically used in production. The 5-pass rolling schedule
in excess of 1800 0 F, vanadium was the microal- simulated the production rolling of the head of
loying element of choice. In addition, nitrogen the joint bar, which has an average final thick-
levels were increased to the range of 150-200 ness of 1.38". The 5 passes represented reduc-
ppm to increase the intensity of precipitation tions of 20, 25, 16, 22 and 16%, respectively.
hardening by the precipitation of vanadium PRODUCTION ROLLING - After the results of
carbonitride [5,6] during air cooling of the the laboratory rollings had been evaluated and
joint bar after hot rolling, discussed, a 10-ton electric arc furnace heat

The alloy development program involved: was prodiced with a C-Mn-V-N composition listed
(1) simulating production hot rolling in the -n Table II. This composition was designed for
laboratory, and (2) conducting a mill trial of an optimum combination of strength, ductility
the optimum alloy developed in the laboratory and toughness, and while it is generally similar
simulation. The details of the program are to the low-carbon, high-manganese steel evalu-
described below. ated in the laboratory (experimental composition

MA3), the carbon, manganese and silicon levels
EXPERIMENTAL PROCEDURE of the 10-ton heat are somewhat higher than

those of experimental composition MA3. In addi-
LABORATORY SIMULATION - 500 lb air-induc- tion, the vanadium content of the 10-ton heat

tion melted ingots of three different micro- was lower than the laboratory heat MA3 (0.13%
alloyed compositions were produced for the vs. 0.17%).
laboratory simulation. The C-Mn-V-N composi- The 10-ton ingot was broken down on Steel-
tions are listed in Table I. The composition ton's 44" mill to produce eight rectangular
MAl represents the same carbon level as the blooms 10" x 7-3/4" in the cross-section. The
current joint bar but with higher manganese blooms were then reheated (average temperature
(0.15% above the maximum allowed by AREA). The of 2375°F) and rolled into 90'-long joint bar
vanadium and nitrogen levels were 0.11% and sections on Steelton's 20" mill. The finishing
0.019%, respectively. Composition MA2 repre- temperature of the eight microalloyed joint bar
sents a carbon level near the low end of the sections ranged from 1885 to 1970*F. The eight
AREA specification limit and a manganese near microalloyed blooms were hot-rolled in a
the high end of the specification limit. The production run of current C-Mn joint bar, and no
vanadium and nitrogen contents were 0.16% and changes in hot rolling practices were mandated
0.018%, respectively. Composition MA3 repre- for the microalloyed grade. The as-rolled C-Mn
sents a lower carbon, higher manganese version joint bar was finished at 1870 to 1995'F.
with both elements outside the AREA specifica- Samples of the microalloyed and C-Mn joint bars
tion. The vanadium and nitrogen contents of were taken at the hot saw and tested and the re-
this steel were 0.17% and 0.016%, respectively. sults compared with those of the C-Mn product
In all cases, the vanadium and nitrogen levels after subsequent heat treatment.
were adjusted to provide the degree of precipi- PRODUCTION HEAT TREATMENT - The current
tation strengthening required to compensate for oil-quenched C-Mn joint bar is produced by hot-
any loss in yield and tensile strength due to rolling the composition (typical) listed in
adjustments in carbon and manganese (and hence a Table II on Lhe Steelton 20" mill. The as-
reduced pearlite volume fraction). While the rolled sections are then cut into lengths of
vanadium and nitrogen levels should ensure approximately 36" to 39", and subsequently
complete solubility of vanadium nitride above placed into an austenitizing furnace for 4 hrs
1900*F, aluminum nitride solubility also had to at 1800°F. Upon removal from the furnace, holes
be considered [7]. Evaluation of the rolling and/or slots may be punched into the joint bar,
practices on Steelton's 20" mill showed that depending upon customer requirements; some
there was significant variation in bloom reheat- customers cold-drill the joint bar. The hot
ing temperature, with temperatures as low as bars are also slightly reshaped to correct for
2150'F being possible. At 2150'F, AIN precipi- any distortion from the austenitizing cycle, and
tates should only be completely soluble in steel then are quenched into hot oil (100 to 160*F) to
MA3. In contrast, in both MAI and MA2, some AIN develop the required mechanical properties.
should remain undissolved at 2150*F, leaving MECHANICAL PROPERTY MEASUREMENT -
only about 0.012% and 0.017% N, respectively, Testing - Two standard 0.505" diameter
available for subsequent precipitation as tensile specimens, 12 full size Charpy V-notch
V(C,N). Of course, higher reheat temperatures bars, and a 1/2" square x 8" long bend test were
will increase the amount of dissolved nitrogen machined from each laboratory plate, from the
in both steels MAI and MA2. head of a microalloyed joint bar representing

The 500 lb ingots were initially hot-rolled the middle portion of each bloom, from the head
to 4" thick plates. These plates were then re- of as-rolled C-Mn joint bar prior to heat
heated to 2150°F for 4 hours (to simulate lowest treatment and from the head of the same bars
possible commercial reheating temperature) and after heat treatment. All samples were taken
hot-rolled in 5 passes to 1.38" thick plate. longitudinally, and tests were run according to
Finishing temperatures ranged from 1840 to standard test procedures approved by the AREA.
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Metallographic Analysis - Metallographic of ferrite and pearlite. The microalloyed joint
specimens were machined from the laboratory bar contains 43% ferrite, whereas the oil-
plates and from the head of both microalloyed quenched C-Mn joint bar contains 15% ferrite,
and oil-quenched joint bars. Specimens were and the as-rolled C-Mn joint bar 10% ferrite.
also taken from the as-rolled C-Mn joint bar
prior to the heat treating operation. Micro- DISCUSSION
structures were examined and the percent
pearlite measured in all cases. The results of this limited investigation

demonstrate that the current oil-quenched C-Mn
RESULTS joint bar can be replaced with a lower carbon,

higher manganese, microalloyed joint bar with
LABORATORY SIMULATIONS - The mechanical comparable strength and somewhat improved ten-

properties of the three experimental as-rolled sile ductility and notch toughness. While the
C-Mn-V-N compositions are listed in Table III oil-quenched joint bar derives its properties
compared to AREA specifications for this primarily from a high volume fraction of fine
product. Full Charpy curves for these steels pearlite, the microalloyed joint bar has a more
are shown in Figure 2. The two lower carbon balanced ferrite/pearlite structure. Instead,
versions (MA2 and MA3) met the AREA minimum V(C,N) precipitation is used to offset the loss
specifications whereas the normal carbon in strength resulting from a reduced pearlite
(0.45%), higher manganese (1.35%) version failed volume fraction. The substitution of precipita-
to meet the minimum total elongation, reduction tion strengthening for strengthening by pearlite
in area and bend test requirements. The duc- is responsible for the improved ductility and
tility and notch toughness of the 0.25% carbon, toughness of the microalloyed joint bar.
1.40% manganese (code MA3) steel far exceeded The advantages of substituting a microal-
those of the higher carbon steels. loyed joint bar for an oil-quenched joint bar

The microstructures of the experimental are: (1) improved property consistency,
C-Mn-V-N steels are shown in Figure 3. The (2) potentially lower production costs, and
steels are all ferrite/pearlite aggregates with (3) improved ductility/toughness. The better
the ferrite volume fraction increasing with consistency is derived from the inherent consis-
decreasing carbon content (e.g., there is 10% tency of an as-rolled product vs. an austeni-
ferrite in MAI, 28% ferrite in MA2 and 52% tized and oil-quenched product. The composition
ferrite in MA3). This increase in ferrite con- of the microalloyed joint bar has been designed
tent is felt to be largely responsible for the to be relatively insensitive to normal day to
increase in ductility with decreasing carbon day variations in hot rolling practices. For
level. To meet the 30 ksi spread between yield example, in the present trial, although finish-
and tensile strength for this product, a micro- ing temperatures for the eight bars varied by
structure with about 50% pearlite is necessary. about 100°F, there was little change in the

In view of the good combination of proper- properties from bar to bar. With heat treat-
ties in composition MA3, a mill trial was con- ment, there are more processing variables to
ducted with a slightly modified composition control, such as austenitization time and tem-
(lower V, higher Mn). The results of the mill perature, transfer time expended between the
trial are discussed in the following section. austenitization furnace and the quench and the

PRODUCTION ROLLING - The mechanical proper- oil temperature heat-up during an extended
ties of the microalloved joint bar pror-qsed in operation. Consequently, from a production
th. mill trial are liste, in 'labie iV, along viewpoint, the processing of a microalloyed
with properties of the current joint bar, in joint, requiring only normal hot rolling, should
both tha as-rolled and oil-quenched conditions. provide an inherently more consistent product.
Full Charpy curves for these three conditions The lower production costs derive from the
are shown in Figure 4. As can be seen, the elimination of a labor-intensive heat treating
microalloyed joint bar had a somewhat better operation. However, eliminating the heat treat-
combination of propertiet, than the oil-quenched ing operation also makes it impossible to hot-
joint bar. The tensile ductility (%TE and %RA) punch holes/slots in the joint bar. Instead,
of the microalloyed joint bar was higher than holes/slots will have to be milled or drilled.
the oil-quenched joint bar, even at a higher Currently most producers of finished joint bars
yield strength. Further adjustments in composi- have the capability of drilling holes or milling
tion (e.g. lower V and N contents) would reduce slots at their facilities and, in many casts,
the yield strength to a level similar to thr routinely driil/mill cold joint bar.
oil-quenched product with some concomitant The improved ductility/toughness of the
improvement in ductility. The notch toughness microalloyed joint bar may also be useful to the
levels of the microalloyed and oil-quenched railways. Neither joint bar nor rail has cur-
joint bar are comparable with indications of a rent toughness specifications. However, the
higher shelf energy for the microalloyed joint railways have expressed some concerns about
bar. toughness of trackwork and may eventually imple-

Typical microstructures for the microal- ment toughness requirements. With an as-rolled,
loyed and C-Mn (as-rolled and oil-quenched microalloyed joint bar, conceivably the composi-
conditions) joint bars are shown in Figure 5. tion could be further modified to obtain addi-
Again, in all cases the structures are mixtures tional improvements in tensile ductility and
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notch toughness. On the other hand, the current REFERENCES
oil-quenched joint bar needs the high volume
fraction of pearlite to maintain the high (1) American Railway Engineering Association
strength levels required by AREA. However, the Bulletin, Vol. 16, 1915, p. 403.
toughness of ferrite/pearlite steels is reduced (2) American Railway Engineering Association,
as the volume fraction of pearlite increases "Specifications for High-Carbon-Steel Joint
[8]. This means that the current oil-quenched Bars," 1969.
joint bar has little chance for an improved (3) American Railway Engineering Association,
ductility/toughness combination, if present "Specifications for Quenched Carbon-Steel
strength levels are to be maintained. Joint Bars," 1969.

(4) S. L. Hoyt, "Static Dynamic and Notch
SUMMARY Toughness,", Trans. AIME, vol. 57, 1920,

p. 480.
The current oil-quenched C-Mn joint bar can (5) P. S. Monckton, D. Whittaker and K. Sachs,

be replaced with an as-rolled microalloyed joint Preprint from "Forging and Powder Metallur-
bar with an improved combination of properties. gy," International Congress on Metal Engin-
The microalloyed joint bar has the advantage of eering, University of Aston, Birmingham,
(1) improved property consistency, (2) lower England (1981).
production costs, and (3) improved tensile duc- (6) M. Korchynsky, "Microalloyed High Carbon
tility and notch toughness. With the future Wire Rod," 1986, Wire Association Meeting.
trends to upgrade the properties and quality of (7) K. J. Irvine, F. B. Pickering and T. Glad-
trackwork economically, a microalloyed joint bar man, "Grain-Refined C-Mn Steels,", JISI, V,
may eventually replace the current joint bar 1967, p. 161.
because of these advantages. (8) F. B. Pickering, "The Optimization of

Microstructures in Steel and Their Rela-
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Table I. Chemical Composition of Experimental Microalloyed Joint Bar

Code C Mn P S Si V Al N N Sol-

MAl 0.46 1.35 0.022 0.016 0.30 0.11 0.035 0.019 0.012

MA2 0.38 1.18 0.010 0.008 0.25 0.16 0.017 0.018 0.017

MA3 0.25 1.40 0.010 0.010 0.22 0.17 0.010 0.016 0.016

* Calculated amount of nitrogen in solution on reheating at 2150*F [7]

Table II. Chemical Composition of Production Joint Bar

Code C Mn P S Si V Al N

Microalloyed 0.27 1.65 0.021 0.020 0.32 0.13 0.022 0.017

C-Mn 0.50 0.92 0.023 0.014 0.23 <0.003 0.018 0.009

Table III. Mechanical Properties of Experimental Microalloyed Joint Bar

Charpy Upper

Yield Tensile Total Reduction 900 Energy 15 ft-lb Shelf

Carbon, Strength, Strength, Elongation in Area, Bend @ RT Transition Energy

Code % ksi ksi % % Test ft-lb Temp., 
0F ft-lb

MAI 0.46 90.7 135.8 11.8 23.7 Failed 8 175 35

MA2 0.38 91.1 132.2 14.5 36.5 Passed 8 150 44

MA3 0.25 87.1 118.5 18.3 45.9 Passed 24 25 73

AREA Specification 70 min 100 min 12% min 25% min Pass - - -
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Table IV. Mechanical Properties of Production Joint Bar

Charpy Upper
Yield Tensile Total Reduction 90* Energy 15 ft-lb Shelf

Strength, Strength, Elongation in Area, Bend @ RT Transition Energy
Code Condition ksi ksi % % Test ft-lb Temp., *F ft-lb

Microalloyed as-rolled 91.1 124.3 20.6 55.1 passed 20 50 70
C-Mn oil-quenched 86.1 128.5 19.4 48.4 passed 20 45 53
C-Mn as-rolled 58.4 113.6 18.9 38.3 Passed 7 155 39

For the microalloyed joint bar, the data represents the average
of 8 rolled sections, and for the C-Mn bar the average of 2 sections.

Figure 1.

Photo (above) shows placement of a joint bar on
a railway track. Joint bar bolting arrangement
is shown in Lross-sectional view in diagram on
the left.
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Figure 4. Charpy curves of production joint bar

As-Rolled, C-Mn-V-N Quenched, C-Mn

Figure 5. Microstructure of production
C-Mu-V-N and C-Mn joint bar.
i'icral etch.
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THE INFLUENCE OF VANADIUM AND
COLUMBIUM ON THE INDUCTION

HARDENABILITY OF STEEL

Gregory A. Fett John F. Held
Dana Corporation LTV Steel Company

Ft. Wayne, Indiana, USA Massillon, Ohio, USA

ABSTRACT run at 30 sec./ft., 27 sec./ft., and 24
Vanadium and columbium are commonly used in sec./ft. for each heat or group. The induc-
microalloyed steels to improve strength. tion hardening results are shown in figure 2.
These elements are also sometimes used as The case depth on the diameter is measured 4n
grain refiners in place of aluminum. This terms of effective case, which is depth below
paper takes a look at the effect of these two the surface to 40 RC; and total case, which is
elements on induction hardening. Several depth to 20 RC or the total visual heat
experimental heats were melted, rolled into affected zone if the core is 20 RC or harder.
bar, and induction hardened under constant Looking at heats 167, 169 and 170 which all
parameters. The results indicate that both have the same chemistry except for vanadium
elements have a negative effect on induction and columbium, we can see that for constant
hardenability, and that columbium has by far induction hardening parameters .06 vanadium
the greatest effect. reduces the effective case depth by about 15

percent while .03 columbium reduces it by 35
percent.

Figure 3 shows the ideal diameter calcu-
VANADIUM AND COLUMBIUM can be used in steels lations for the heats based on the Grossman
both as microalloying elements and as grain method. Manganese was adjusted in each case
refiners. Vanadium is known to increase for sulphur. Since manganese combines with
Jominy hardenability as can be seen by compar- sulphur in a ratio of 1.7:1, 1.7 times the
ing 6100 series steels, containing vanadium, percent of sulphur was subtracted from the
to 5100 series steels, without. However, the manganese and called the adjusted manganese.
effect of these two elements on induction Also shown is the carbon content and the
hardenability is relatively unknown. Compared effective case for each heat at a scan rate of
to furnace hardening, the solution 30 sec./ft. Figure 4 shows a plot of the
(austenitization) time for induction hardening ideal diameter versus effective case depth.
is extremely short. The solution time for From this we can see that the heats with
induction hardening is usually only a matter vanadium and columbium definitely have a lower
of seconds and in some cases may be only a case depth for the same ideal diameter,
fraction of a second. Since both vanadium and especially at deeper case depths. Of course,
columbium readily combine with carbon, it was hardenability is also dependent on the carbon
felt they may have a negative effect on content, which is quite similar for many of
induction hardening or induction these heats.
hardenability. Figure 5 shows a second series of heats

To look at the effects of these elements, that were melted. All conditions were the
several laboratory heats were melted, hot same as the previous series except these heats
rolled, machined, and induction hardened. The were aluminum deoxidized, which is more
first series of heats is shown in figure 1. typical of ingot cast fine grained practice,
They are basically variants of SAE 1040, 1140, and there was an intermediate reheat during
and 1137; some with vanadium, and some with hot rolling. These heats are based on 1137
columbium. These heats were rolled into and 1141 with varying amounts of sulphur and
1.125" diameter bars and then turned down to a vanadium. One heat also has .01 titanium and
1.000" diameter prior to induction hardening. one has .11 alumi.aum. Again, figure 6 shows
Hardening was done on a ten kilocycle solid the adjusted manganese and ideal diameter, as
state induction unit with all conditions held well as the carbon content and other addi-
constant except for the scan rate which was tions.
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Figure 7 shows the ideal diameter versus completely martensitic. The fatigue life was

effective case depth in graphical form. Unlike within historic limits but at the low end.

the previous series of heats, there does not The 1541 V results were considerably

appear to be a decrease in case depth or induc- different. Case depths were more consistent.

ti-n hardenability with vanadium. The heats The case microstructures were fully martensitic,
with vanadium actually have better induction and the fatigue results were well within histor-

hardenability than those without. It appears ic limits. Several differences e:,ist between

.03-.04 aluminum counteracts the negative the 1541 V and the other two steels. First, the

induction hardenability effect of vanadium. By hardenability was higher. The ideal diameter of
increasing the aluminum beyond .03-.04 the in- the 1541 V was 1.82" compared to 1.59" for the

duction hardenability increases further. For ex- 1141 Cb and 1.37" for the 1137 V. Second, the

ample, heat A401 with .11 aluminum had a deeper 1541 V contained aluminum. And last, the 1541 V
case depth for its ideal diameter than any other was not resulphurized.

heat. However, the as rolled or air cooled As of this writing a fourth forging trial
hardness of this bar was also low compared to is underway with a grade of 1137 V with .087

the other microalloyed bars. Too much aluminum aluminum. Like the previous steels, it did air

may diminish the strengthening effect of the cool into the 229-269 Brinell hardness range.
vanadium in the air cooled hot rolled condition. In this forging, the aluminum did not appear to

From a more practical standpoint, three detract from the air cooled hardness. The yoke

different trials of microalloyed steels were shafts have been machined and induction hard-

made into actual forgings and induction hard- ened. This time induction hardenability was

ened. The component used was a front yoke shaft greatly improved. The shafts were overcased
for a four wheel drive light truck which is when run on the same set up as the production

shown in figure 8. Shown on the left of the parts. The power had to be reduced to bring the

figure is the forging which is normally made case depth back into range. However, when this

from SAE 1040 or 1137 steel and quench and was done the problem of ferrite and bainite at

tempered to 229-269 Brinell har(ness. Essen- the prior austenite boundaries in the case

tially, the part is quench and temper-d to showed up again (figure 10).

strengthen the yoke ears. Next, the part is Several conclusions can be drawn from this

machined and the spline is rolled, which is data:

shown in the center of figure 8. Finally the (1) Vanadium and columbium both reduce
shafL portion, shown on the right of the figure, induction hardenability. However,
is induction hardened to provide the necessary columblum is much more potent in doing
torsional strength. It was hoped that by so. With a typical 1040 steel .06

changing to a microalloyed steel, the part could vanadium reduces the hardenability
be air cooled from the forging temperature to about 15 percent while .03 columbium
the desired hardness and the quench and the reduces it about 35 percent. The
temper operation could be eliminated, actual reduction on other steels will

Three different grades of microalloyed aepend on the ideal diameter and the

steels were u.ed for this forging. They are SAE amount of vanadium or columbium.
1141 with columbium, SAE 1541 with vanadium and (2) Aluminum in the amount of .03 or
SAE 1137 with vanadium. The compositions are .0, percent appears to counteract the
shown in figure 9. All parts were forged reduction in induction hardenability
between 2100-2350 F and still air cooled into associated with vanadium. With this

the 229-269 BHN range, although the 1541 V was aluminum content this induction harden-
at the top end of the range or slightly over. ability of steels containing vanadium

The 1141 Cb was induction hardened and is actually better than those with no
tested first. With 1141 Cb the required case vanadium. Further increases in alumi-
depth of .160" effective and .270" total was num can further improve the induction
difficult to consistently obtain. Also, there hardenability over normal steels.
was considerable variation in case depth from However, under specific rolling condi-
piece to piece. The outer case was martensite tions or thermal histories high alumi-
with ferrite and bainite at the grain boundaries nun (.11) may reduce the strengthening

rather than the normal all martensitic struc- effect of vanadium.

ture. This abnormal microstructure was some- (3) With certain thermal histories
thing that had not shown up on the hot rolled such as in forging, vanadium or colm-
bars before, probably because of the different bium steels can meet induction case
thermal history. The grain size cn the forgingi depth and hardness specifications, but
was approximately ASTM #3 while that of the bars have inferior case microtructures.
was approximately ASTM #8. Fully reversed These microstructures may contain
torsional fatigue testing on these shafts gave ferrite and bainite at the grain
results well below historic and the failure mode boundaries rather than all martensite.
was intergranular. However, rehardening these This has been shown to be :etrimental
shafts a second time brought the case depth and to torsional fatigue life. It does
fatigue life into normal limits. Also, after appear the tendency to form these
rehardening the case was completely martensitic. abnormal microstructures may be related

The 1137V shafts were forged and tested to the ideal diameter and/or resulphur-
next. The 1137 V steel results were somewhat ization.

similar to the 1141 Cb except not to the same
degree. The case depth did meet specification
however, the case microstructure was still not
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H EAT
NO. C Mn P S Si Al N V Cb HB 1.so

A-160 .38 .84 .015 .023 .23 .002 .008 - - 187 .3/0
A-161 .39 .79 .018 .024 .25 .001 .008 - - 179 , X

A-162 .43 .77 .018 .024 .25 .001 .008 - - 192 1.10 ell

DI
A-163 .43 .89 .016 .024 .25 .004 .008 - - 192 (inches)

.90 - '. XA-164 .35 1.47 .016 .10 .28 .002 .009 - - 197 HEATS A160-A172

A-165 .36 1.50 .016 .10 .25 .003 .008 .065 - 229 .70 - X NOV OR C
.... X V

A-166 .39 1.48 .015 .10 .25 .004 .008 - .031 217 --- A Cb
A-167 .39 .90 .017 .10 .24 .004 .008 - - 174

.100 .120 .140 .160 .180 .200 220 240 .260 .280 300

A-168 .38 .90 .014 .10 .25 .003 .009 - - 167 EFFECTIVE CASE (INCHES)

A-169 .39 .90 .018 .10 .24 .002 .008 .061 - 197 AT jD SECIFT SCAN RATE

A-170 .40 .91 .018 .10 .25 .004 .009 - .031 192
A.171 .33 .94 .016 .10 .25 .003 .009 .10 - 197 FIG. 4 Effective Case Depth Versus
A.172 .38 .78 .017 .071 .23 .004 .009 .090 - 201 Ideal Diameter for Experimental Heats

FIG. I - Composition
of Experimental Heats HEAT

SCAN RATE SCAN RATE SCAN RATE NO. C Mn P S Si Al N V Ti HB
30 SECFT 27SECIFT 24SEOFT A-397 .33 1.51 .019 .11 .22 .04 .012 .002 - 183

HET NO FFFITOTAL SURFICORE EFFTOTAL SURFICORE EFF;TOTAL SURFICORE A-398 .34 1.47 .019 .11 .23 .04 .012 .080 - 187
160 204* 340 56 RCD22 RC 163 260 54 RC22 RC 131 ;230 54 RC112 RC
161 181310 54125 11 27n 54;20 1331220 541 A-399 .32 1.49 .019 .11 .24 .03 .013 .11 - 217
62 205310 %26 11 290 5&24 147,220 5,o A-400 .33 1.48 .020 .11 .23 .03 .012 .082 .012 201

163 231 360 5&27 200 300 5624 15& 230 569 A401 .32 1.48 .019 .11 ., .11 .013 .082 - 179
164 273.THRU 53136 255.THRLI 53132 206 330 5313

165 247 THRU 5336 232iTHRU 5134 1971340 519 A-402 .35 1.34 .019 .028 .20 .03 .012 .074 - 201
166 235THRU 55135 222JTHRU 5534 192/380 5S19 A-403 .32 1.41 .020 .027 .20 .03 .013 .084 - 223
167 1921310 14)24 16& 290 55118 1471220 5416
168 1651300 54122 1521260 54118 1340220 5316 A-404 .37 1.50 .020 .11 .25 .03 .013 ,041 - 217
1,9 167,280 54123 1391280 54U21 126250 54012 A-405 .36 1.50 .021 .07 .26 .03 .013 .031 - 201
170 12& 240 SIU24 105J 240 5V 23 IM 210 54 1 1126240 52422 102240 5123 101210 5111 A-406 .38 1.62 .020 .11 .26 .03 .013 .11 - 235
'7I 147' 300 52123 121 260 51(19 il1/ 210 5119

'72 154V300 54124 13& 260 4122 115.200 5412 A-407 .37 1.35 .020 .12 .22 .04 .013 .11 - 217

A-408 .37 1.42 .019 .11 .22 .03 .012 .11 - 223
FIC. 2 - Induction Case Depth and A-409 .40 1.49 .021 .027 .24 .03 .012 .12 - 229
Hardness of Experimental Heats A-410 .39 1.35 .020 .027 .22 .03 .012 .041 - 217

HEAT (1) (2) A-411 .39 1.48 .020 .028 .22 .03 .012 .041 - 229

NO. C ADJ MN DI EFF CASE ADDITIONS
A-160 .38% .80% .82" .204" - FIG. 5 - Composition

A.161 .39 .75 .80 .184 - of Experimental Heats

A-162 .43 .73 .83 .205 -

A-163 .43 .85 .92 .231 - HEAT (1) (2)
A-164 .35 1.30 1.21 .273 - NO. C ADJ MN DI EFF CASE V S

A-165 .36 1.33 1.25 .247 V A.397 .33% 1.32 Yo 1.16" .210" - .11

A.166 .39 1.31 1.27 .235 Cb A-398 .34 1.28 1.14 .198 .08 .11
A-167 ,39 .73 .79 .192 - A-399 .32 1.30 1.13 .200 .11 .11

A-168 .38 .73 .78 .165 A-400 (3) .33 1.29 1.14 .204 .08 .11
A-169 .39 .73 .79 .167 V A-401 (4) .32 1.29 1.12 .255 .08 .11
A-170 .40 .74 .81 .126 Cb A-402 .35 1.29 1.14 .183 .08 .03
A.171 .33 .77 .75 .147 V A-403 .32 1.36 1.17 .183 .08 .03
A-172 .38 .66 .72 .154 V A-404 .37 1.31 1.25 .216 .04 .11

(1) ADJ MN = MN-1.7(S) A-405 .36 1.38 1.31 .360 .04 .07

(2) AT 30 SEC/FT SCAN RATE A-406 .38 1.43 1.41 .382 .11 .11
A-407 .37 1.16 1.15 .198 .11 .11

FIG. 3 - Ideal Diameter A-408 .37 1.23 1.13 .240 .11 .11
of Experimental Heats A-409 .40 1.44 1.43 .380 .11 .03

A-410 .39 1.30 1.24 .207 .04 .03

A-411 .39 1.43 1.40 .300 .04 .03

461



(1) ADJ MN = MN-1.7(S) (3) TITANIUM ADDED MO .008 .008 .013
(2) AT 30 SEC/IFT SCAN RATE (4) ALUMINUM ADDED v .00 .09 .08

FIG. 6 - Ideal Diameter Cb .05 .00 .00
of Experimental Heats Cu .017 .022 .018

Al .000 .045 .008
.0D 1 1.59 1.82 1.37

11.40 -- X x

304 :FIG. 9 - Composition
DIO~-- of Yoke Shaft Forgings

X .. HEATS A397 A411
i Xo -__- - X (AI) X7 t1V

-1.00,4

160 .180 .200 .220 .240 .260 .280 .300 .320 .340 360 .380 .40

EFFECTIVE CASE (INCHES)
AT 30 SEC/FT SCAN RATE

FIG. 7 - Effective Case Depth Versus
Ideal Diameter for Experimental Heats

FIG. 10 -Induction Hardened Case
Microstructure of 1137 V Yoke Shaft.
C:onsists of Martensite with Ferrite
and Bainite at the Prior Austenite
Grain Boundaries (10OX, Nital Etch)

FIG. 8 -Front Yoke Shaft (Left
to Right; Rough Forging, Machined
Part, Induction Hardened Part)

1141 Cb 1541 V 1137 V

C .41 .39 .34
Mn 1.57 1.54 1.50
P .026 .010 .014
S .13 .012 .12
Si .22 .21 .19
Ni .02 .04 .03
Cr .07 .08 .07
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EFFECTS OF COMPOSITION AND HOT ROLLING
CONDITIONS ON THE MECHANICAL PROPERTIES

OF LOW CARBON BAINITIC STEELS

0. Kwon, R. W. Chang K. S. Ro, W. S. Lee
Steel Products Department Hot Rolling Department

Research Institute of Industrial Science and Technology Pohang Iron and Steel Company
Pohang, Korea Pohang, Korea

Abstract

The changes in microstructure and mechanical properties observed in low
carbon bainitic steels were investigated under various alloying and hot rolling
conditions. As carbon content was increased up to 0.05%, strength was
increased but elongation and toughness were decreased. However, further
increase in carbon content did not significantly affect the mechanical
properties. The addition of 0.3% Mo resulted in a significantly increase in
strength without deteriorating low temperature toughness. In contrast, the
addition of 0.5% Cu had little influence on strength, but improved impact
properties significantly. The combined addition of Mo with Cu or Ni resulted
in an improvement in both strength and toughness. Little influence of
reheating and finish rolling temperatures on strength was observed. But,
toughness was slightly improved by decreasing the temperatures. A decrease in
coiling temperature led to a little change in tensile strength. However, a
significant improvement in low temperature toughness was observed as coiling

'I temperature was lowered. The effect can be explained in terms of the

microstructural refinement and the formation of ultra-fine polygonal ferrites.

Key Words; steels, microstructure, mechanical property, bainite,
acicular ferrite, low carbon steel, hot coils,
microalloying, hot rolling.

l.lntroduction

Although the importance of bainitic ULCB(Ultra-low carbon bainitic) steel
steels with extra-low carbon had of Nippon Steel corporation[l,2] and
widely been recognized for the last 30 STAF steel of Nippon Kokan K.K.[31 are
years, it was only recently that the examples of the new steels. ULCB and
steels found commercial applications. STAF steels have found wide
This was partly due to the applications to oil industry for
difficulties in manufacturing steels transporting oil and gas from arctic
of extra-low carbon content, i.e. regions. These steels were alloyed
0.02%. However, the recent development with small amounts of Nb, Ti and B,
in steel refining process using vacuum and contained 1.0-2.0% Mn. Other
degassing with RH or RH-OB made it alloying elements such as Mo, Ni, Cu
possible to manufacture steels with and Cr were also added depending on
reduced carbon contert commercially. the strength and toughness required.

The advantage of the low carbon However, most studies on low carbon
content was to improve low temperature bainitic steels have concentrated on
toughness and weldability, resulting heavy gage plates although the steels
in the development of new grade high can be used as high strength strips
strength steels which can be used with excellent toughness and
under bevere environmental conditions. weldability. The purpose of this
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Table I Chemical composition of experimental steels.

Alloy C N Si I m Al Ib Ti B NO NI Cu

Alloy-A 0.1 0.0014 0.22 1.41 0.0055 0.073 0.021 0.0008

Alloy-B 0.05 0.0011 0.22 1.44 0.01 0.061 0.02 0.0006

Alloy-C 0.018 0.0009 0,22 1.41 0.01 0.046 0.02 0.0009

All)-D 0.0073 0.0014 0.22 1.44 0.0055 0.068 0.02 0.0007

Alloy-B 0.019 0.0011 0.22 1.44 0.01 0.11 0.02 0.0009
AJloY-P 0.022 0.0009 0.22 1.44 0.009 0.061 0.02 0.0011 0.34
Alloy-G 0.039 0.0023 0.15 1.47 0.024 0.066 0.024 0.0009 0.47

Aloy'-f 0.035 0.0021 0.16 1.25 0.016 0.056 0.019 0.0009 0.28 0.3

Alloy-1 0.023 0.0021 0.23 1.48 0.01 0.056 0.023 0.0006 0.32 0.34

investigation was, by simulating the of dislocation-loaded acicular ferrite
strip rolling process, to study the and martensite island(M) formed along
effects of alloy additions and the grain boundary. The acicular
processing parameters on the ferrite was characterized by
microstructure and mechanical irregular, in some cases elongated,
properties of low carbon bainitic dislocation cells of about 0.5-.Ojam
steels. in size. Few dislocations existed
2. Experimental Procedures inside the cells(Fig.2 b), but highly

tangled dislocation networks existed
The experimental steels were along the cell boundaries(Fig.2 c).

prepared by vacuum induction melting
in 30Kg heats and casting in 110mm The typical carbon content of ULCB
thick ingots. The chemical steels ranged between 0.02 and 0.05%,
compositions of the steel are shown in much smaller than that of coventional
Table 1. All steels were microalloyed ferrite-pearlite steels used for up to
with Ti, Nb and B. Varying amounts of X-70 grade linepipes. The purpose of
C, Nb, Mo, Cu and Ni were added to reducing carbon content was to improve
study the effect of chemistry. weldability and low temperature
Following casting, the ingots were toughness. In order to see the effect
forged to 50mm thick plates for hot of carbon content, steels A, B, C and
rolling experiments. The plates were, D were hot rolled under the identical
then, hot rolled to 8mm thick sheets condition and their mechanical
under various rolling conditions(see properties were compared as shown in
Fig.l). The reheating temperatures Fig.3. Tensile and yield strengths
(RHT) employed were 1100 and 1250 *C, were increased and elongation was
and the finish rolling temperatures decreased steadily by increasing
(FT) were 750 and 820*C. To simulate carbon content up to 0.05%. However,
coiling process, the hot rolled sheets a further increase in carbon content
were cooled to a desired coiling did not exert appreciable effect on
temperature(CT) of 500 or 600eC with a
cooling rate of 15 a C/sec. and were Temp.
isothermally treated at the
temperature for one hour. RHT:1250, 1100%

Mechanic; 1 properties were examined RHT-----1 hr T T: 820, 750 0C
by tensile testing with subsize T0k
speimens(gage length = 25mm) and CT= 600, 500 C
Charpy impact testing with 5mm thick
sub-scale specimens. The micro-- FT----
structure was observed using both
optical and transmission electron
microscopes. 1 hr

3. Results and Discussion

3.1 Effect of carbon content

Fig.2 shows the microstructures of
low carbon bainite observed in
transmission electron microscope. The Time
microstructures are of typical low Fig.l Schematic illustration of
carbon bainite(Fig.2 a), which, accor experimental hot rolling schedule.
ding to Terazawa et.al.[3], consists
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both strength and elongation. It was
iI so observed that impact propert ies
were generally decreased by increasing
carbon content although the change was
relatively small in the carbon range
of 0.02 0.05%. The present. observation
of carbon effect on mechanical
properti es appeared to be in agreement
with the reported behavior in low
carbon bainitic steel!1,4-71.

The effect of carbon content could
be explained by observing the optical
-i(crostructures of (*our steels(A, B, C
and D), which are shown in Fig.4. The
results in F:ig.4 indicated that the
volume fraction of bainite was
decreased as carbon con t ent was
increased more than 0.02%, resulting
in the formation of polygonal ferrite
at high carbon contents. Two opposing
react ions took place when carbon
content was increased; softening due
to the reduction in the bainite volume
fraction and strengthening due to the
interstitial carbon. As a result,
because of balancing between softening
and hardening, little change in
strength occurred when carbon content
was increased higher than 0.05%.
According to Tamehiro et.al.[6], the
formation of ferrite was attributed to
the loss of B by precipitating Fez2
(CB)G when excess carbon existed in

the matrix.

3.2 E ffect of alloy addi t ion

The results of tensile and impact
tests for steels with varying amounts

of Nb, Mo, Cu and Ni are shown in
I ig.5. 'rhe effect of increasing Nb
content from 0.05 to 0.11% was a

Fig. T ansm ss on electron N1i(ro signi ficant increase in strength

i p Is It -)icaI haini t e st ructtire t without much loss in toughness. The

low a) and high 1) and c magnificat ions. addition of 0.3% Mo resulted in a

80 120

TB 6
70 100-

S60 80

.50 - 60

240 40

20 0

2 I. -j

20 0.02 0.04 0.06 0.08 0.10 0.12 -150 -100 -50 0 FT

C - CONTENT|1%) TEMPtERATURE 00C

Fig.3 Effect of C-content on the mechanical properties of 1.5%Mn O.05%Nb-
O.02%Ti-O.OOlB steel.
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Fig. 4 Opt ical microgra~phs show ing t he effect of carbon content.

significant increase in strength The typical content Jf Nb in high
without impairing low temperature strength linepipe steels is 0.03--
toughness. The addition of 0.5%s Cu had 0.05%. Nb plays an important role in
little influence on strength, but improving low temperature toughness by
improved low temperature toughness forming fine precipitates in austenite*1significantly. The combined addition and, hence, retarding the progress of'
of Cu or- Ni with Mo(steels H or 1, recrystallization. High Nb-content has
respectively) resulted in an improve- been restricted because some Nb-

ment in othstrngt an toghnss, precipitates remained undissolved in
V'ig.6 shows the relationship between austenite after reheating. However, it
tensile strength and impact energy would not he the case when C-content
under various alloying conditions. is extremely small, i.e. 0.02%.

7 -120, " SO/BN

I 
C 0.0 6 PN h

~100 F
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7~~bC -s o.IM*N
WQ l0 b E3_M.ITMPfAUECc

Pig6 Rfec ofally aditonson he echnicl popetie ofO.O~C
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1250/820/600 Mo has been a popular alloying
element used in low carbon bainitic

0.3Mo+0.3Ni steels[9-14]. In addition to the

0.11Nb 0.3Mo I solution strengthening effect, Mo has
0 0 been known to increase the period of

incubation at the nose of the
6 70 isothermal transformation diagram and

to raise the temperature of the nose
z of the polygonal ferrite[l0].
a According to Bardgett and Reeve[9],

strength of low carbon, boron

'containing steel was almost doubled by

65 the addition of Mo up to 0.62%. In the
present 0.3% Mo steel, both yield and

0.0 5Nb 0.5Cu tensile strengths were increased by 7

kg/mm2 when compared with Mo-free
steel without a loss in toughness.
This indicates that, since the Mo-free

6O steel satisfies the requirements of X-
10 20 30 40 50 60 70 grade linepipes, the 0.3% Mo steel

IMPACT ENERGY AT-60'c(JOULE) can be used as X-80 grade linepipes.
it was also found that the low

Fig.6 Relationship between tensile temperature impact properties of the
strength and Charpy impact energy Mo containing steel were improved
under various alloying conditions, significantly by adding Cu(steel H)

and Ni(steel I). Therefore, these
alloys are excellent candidate steels

Following the solubility relation of for X-80 grade linepipes of arctic
Irvine et.al.[8], the dissolution service.
temperatures are 1339 and 1128 C for
0.11Nb-0.005%N steels with 0.1 and
0.02% C, respectively. This indicates 3.3 Effect of hot rolling condition
that all Nb-precipitates in the extra-
low carbon steels will dissolve in Fig.7 and Fig.8 show the effect of
austenite by heating at a temperature hot rolling variables on the
higher than 1128*C and the dissolved mechanical properties of steels C and
Nb can be fully utilized for improving F, respectively. Eight different hot
the mechanical properties. The rolling conditions, which were the
results in Fig.5. showed that combinations of two RHT's(1250 and
increasing Nb-content from 0.05 to 1100 oC), two FT's(820 and 750°C) and
0.11% was almost as effective as two CT's(600 and 500'C), were employed
adding 0.3% Mo in strengthening. to study the effect of processing
However, 0.11% Nb steel showed variables. For impact properties, data
slightly inferior impact properties to obtained when RHT was 1250"C are shown
0.3% Mo steel. in Fig.7 and Fig.8.

120 RNT 1250C

so,/

so G o- S,-

CT l -10 -100 -60 0 AT

FT *20 50 620 TEMPERATUUS ('C)
ANT 1250 1100

Fig.7 Iffect of hot rolling conditions on the mechanical properties of steel C.

467



, i(.. . .... "--' -- " . ..

ii ,,

soO 
sot70 fln l 12 AN2 25-

70 80

0°n n n nn n n 1o
30- 40

w 20 120

10 n 0 L
CT 500 600 50 5600 600500 -150 -100 -50 0 AT
u 20 I750 820 750 TEMPERATURE (*C)

S 120 1100

Fig.8 Effect of hot rolling conditioos on the mechanical properties of steel F.

When RHT was lowered from 1250 to temperature and, hence, increasing the
1100 *C, strength did not seem to effective energy exerted only slight
change significantly but toughness wns effect on strength but improved low
slighly improved. This behavior temperature toughness
appeared to be in agreement with the significantly[l,2,5,6,15,16].
previous results of 0.02% C ULCB
steelsfl]. Two different structural The effect of CT on the mechanical
changes could be cited when RHT was properties was much greater than that
altered; austenite grain size and of RHT or FT. CT did not have much
solute Nb in austenite. The slight effect on tensile strength, but had

improvement in toughness appeared to some influence on yield strength. In

be attributed to the reduction in steel C, yield strength was slightly

austenite grain size, and the change decreased when CT was changed from 600

in strength was observed to be to 5000C. This decrease was seen to be

dependent on the amount of solute Nb. attributed to the disappearance of
EDAX analysis of undissolved yield point elongation when CT was
precipitates at two different RHT lowered. However, in steel F, a small
conditions showed that Nb was almost increase in yield strength was
completely dissolved in the present observed when CT was decreased. Since
steels. Therefore, little change in both flow curves of steel F coiled at
strength should be expected when RHT 600 and 500C exhibited continuous
was altered. However, the data yielding, the corresponding increase
obtained in 0.046% C steel showed that was thought to be due to the
strength abruptly decreased when RHT refinement of dislocation cell
was lowered from 1200 to 1000 'C[6]. structure and the increase in
This follows from the fact that the dislocation density in low carbon
amount of solute Nb rapidly decreased bainite. An example is shown in
when the carbon content exceeded Fig.9. The size of dislocation cell
0.04%. was smaller and the cell boundary wns

more diffuse when CT was 500 *C. Some
The effect of FT on tensile and dislocation-free polygonal ferrites

impact properties of C and F steels with sharp grain boundaries were often
were similar to that of RHT; little observed. The size of ferrite grains,
change in tensile properties and as shown in Fig.10, was 1-2 #=. The
slight improvement in impact decrease in CT resulted in a sharp
properties when FT was changed from reductfon in elongation, which may be
820 to 750 OC. The difference in dLtributed to higher dislocation
microstructures for two different FT density at 500*C. It was also observed
conditions would be the effective that impact properties were
retained strain energy in significantly improved when CT was
unrecrystallized austenite. Since the lowered from 600 to 5000C. Such an
effective energy would be greater when improvement has been explained in
FT was lower, the impact properties terms of fine grain size or bainite
were expected to be improved. The lath size[5,6,15,17]. But, Ohmori
previous investigations have already et.al.[18] argued that the size of the
shown that increasing the total bunch of bainite laths which lay in

reduction below recrystallization almost same orientations, or the unit
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crack path, was also important
parameter determining low temperature
toughness. N

It has also been pointed out that
the low temperature toughness of
bainite steels was closely correlated
vith the facet size of cleavage
fracture in the thickness direction
[5,6j. The facet size has been known
to be dependent on the prior austenite
gtain size and the effective retained
strain after thermomechanical treat-
,etl , However, the present results of
the CT effect on toughness suggested
that the bainite lath size played a
critical role in determining the
impact propert ies. This follows from
the fact that the main structural
difference between steels treated at
500 and 600*C were the bainite lath
,.ize, not the prior austenite size or
tihe effective strain energy.
According to the recent report of
Jizaimaru and Shirazawa[15], the
t eughness was almost independent of
the bainite volume fraction. Instead,
tlie toughness was a st rong funct i on of
the presence of ultra fine polygonal ig.9 Typical dislocation cell
irrites of 12m in size. The structures of bainite observed in
formation of ultra-fine ferrite was steels isothermally treated at (a) 600
(onfirmed in t he present study and has and (b) 500C
been shown in Fig. 10.

t .Conc 1 us ions 

The e f''ec ti; of a I oy add t ions and
hot rolling variables on the
)I[ec i n i C:al propert i es of low carQbon
bainitic steels were studied in terms
of '-tructural changes occurring during
processing. The following conclusions
,ere obtained.

,I) The effect of' carbon content up
to 0.05% resulted in an increase "11 Fig. 10 Fine polygonal ferrites
strength arid a decrease in elongat ion (I,.crved in the transmission elect ron
and toughness. 11owever, further micros cope.
in c icase in carbon content did not
affect strength appreciably. This (3) The combined addition of Cu or
behavior resulted from the balancing Ni with Mo resulted in an improvement
effects of interstitial carbon and in both st rength and toughness.
ba i ri j te vo lume fraction when the
carbon content was varied. (1) When R}IT and FT were lowered,

tensile propert ies were not change-d
(2 The addit ion of 0.3% Mo s ignIIificanIt ly but impact propert les

resulted in a significant increase in were slightly improved. The
st rength without del criorit ing low improvement ill impact propert ics was
temperature toughness. The add it i on c' attributed eit her to a reduction in
0.5% Cu had little in fluence on istenite grain size or to an increase
strength, but improved impar I tn retained strai n energy in
propert ies sigri fican I ly. i,.ti teni te.

469



(

(5) A decrease in CT led to a
decrease in yield strength of Mo-free [13] A.J. McEvily, R.G. Davies, C.L.
steel, but to a slight increase in Magee and T.L. Johnston; "Transfor-
yield strength of Mo-containing steel. mation and Hardenability in Steels",
In addition, the decrease in CT Climax Molybdenum Co., Ann Arbor,
resulted in a sharp decrease in Michigan, 1967, pp179-191
elongation and in a significant
improvement in toughness. The latter [143 A.J. McEvily and C.L. Magee; The
effect can be explained in terms of Iron and Steel Institute Publication
the microstructural refinement. No.114, p147.

[15] J. Jizaimaru and H. Shirasawa;
Tetsu-to-Hagane, v69, 1983, pp87-96
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A SURVEY ON MICROSTRUCTURAL EVOLUTION OF
TWO VANADIUM MICROALLOY STEELS IN THE
THERMOMECHANICAL FORGING TREATMENT

Carlos Garcia, Manuel Carsi, Sebastian F. Medina, Miguel R de Andr~s
Centro Nacional de Investigaciones MetalOrgicas

Madrid, Espaha

ABSTRACT such as chrome and molibdenum, and without the
need for the steels to be subjected to post-

Hot torsion testing is used to simulate the forging heat treatments which, apart from in-
forging process of two vanadium microalloy creasing production costs may also give rise to
steels, types 40MVS6 and 30MSiV62, having mini- serious dimensional problems in the product.
mum strengths of the order of 900 and 800 MPa, There are certain types of tests which make
respectively. it possible to study thermomechanical forging

By establishing deformation parameters rep- processes in metallic materials - tension, com-
resentative of the hot forging used for average pression and torsion - the last being the most
automobile parts, the structural effects produc- widely used because of its specific characteris-
ed at different preheating and deformation tem- tics, versatility and ease of execution. The
peratures are analyzed in order to attempt to hot torsion test allows any industrial forging
obtain directly from the forging process an op- process to be simulated at laboratory scale
timum final microstructure not requiring later using samples of small dimensions.
heat treatment to attain the mechanical proper- The parameters that characterize any forg-
ties demanded in use. ing process are the degree of deformation and

the temperature and rate at which these deforma-
tions are applied. The grounds for simulation
of hot forging processes are based on the

THERE IS CURRENTLY A TENDENCY in the manufac- generalized concepts of stress (a) and deforma-
turing of critical parts and components in the tion (I ) derived from the principle of equiva-
automobile industry to replace steel alloys for lence. According to this principle, if two
tempering, especially Cr and Cr-Mo steels, for metallic elements having identical chemical
C-Mn vanadium microalloy steels. This alterna- composition and initial structure are subjected
tive is based on the lower manufacturing costs over time to the same laws of generalized defor-
of these steels and on the possibility of their mation and temperature, they will at any given
mechanical properties being obtained directly, moment be in one same state, regardless of the
via the shapiilhg process itself. In this res- process giving rise to the deformation.
pect, this process should be analyzed as a real On the basis of these hot torsion tests,
thermomechanical treatment in which application the present study has centred on consideration
and definition of the corresponding controlled of the plastic behaviour of the two steels des-
thermal and deformation cycles are capable of cribed above through the breaking point ductili-
producing in the material thus shaped an optimum ty curves. The industrial forging process has
final structure permitting the expected mechan- been simulated in two runs and applied to repre-
ical characteristics to be obtained. sentative automobile parts (push rod, crank-

For several years microallyed steels have shaft, etc.), with reproduction of the values of
mainly been used in replacement for non-alloyed deformation undergone during each forging
or low alloy, low resistance, thermally treated stroke, the rate at which such deformations are
steels; however, the greatest potential for cost applied and the parameters of the thermal cycles
reduction occurs necessarily in using micrnoal- accompanying the shaping process - preheating
loyed steels instead of high resistance tempered and deformation temperatures, maintenance times
alloy steels (I). This makes it possible to oh- between runs and cooling rate.
tain similar levels of resistance without the
presence of certain high cost alloy materials,
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Maintaining the values of deformation on the basis of considering them as real ther-

and deformation rate (I ) calculated in the in- momechaT'4cal treatments makes it possible to

dustrial forging process for this type of attain mechanical properties for these steels

parts, different torsion tests have been car- that are generally valid for numerous applica-

ried out varying the preheating and deformation tions and perfectly comparable to those of tem-

temperatures, in order to analyze the influence pered alloyed steels.
of these thermal parameters on the final struc-

ture of both steels, the test samples being air Table 1. Chemical Composition (% wt)

cooled following application of the final

deformation. The type of microstructure ob-

tained and the shape, size and distribution of

the phases and microconstituents present in 40MVS6 30MSiV62
this microstructure make it possible to esti-

mate the degree of the different properties .

that can be achieved in these vanadium micro- C 0.39 0.29

alloy steels. Also, the results obtained from Mn 1.29 1.30

the study offer the possibility of gaining in- Si 0.22 0.43

sight into the thermal cycles to be associated S 0.073 0.026

with the forging process in order to produce an p 0.014 0.019

adequate material structure under optimum oper- V 0.10 0.11

ational conditions in the process itself. Al 0.020 0.029

CHARACTERIZATION OF THE TESTED STEELS 
N2  

70 ppm 164 ppm

Two Carbon Manganese Vanadium microalloyed

steels hariened by air-induced precipitation PLASTIC BEHAVIOUR. DUCTILITY

were tested. Both of these steels are typified

basically by standard 970/1983, and their che- In order to acquire previous knowledge of

mical composition is shown in Table 1. the plastic behaviour of the two C-Mn-V steels

The test samples were obtained longitudin- under study, torsion tests were carried out at

ally from hot-rolled bars, this being the basis different temperatures, ranging from 900 OC to

for the entire experimental study. 1,250 QC, and applying deformations up to the

Both steels have very similar percentages breaking point at a constant rate of 2,000 rpm

of manganese and vanadium, and are distinguish- torsion, this being equivalent to a generalized

ed fundamentally by their content in carbon, deformation rate at the periphery of the sample

sulphur, nitrogen and silica; the two first of equal to t = 7.25 s-1, in accordance with the

these elements are higher in 40MVS6 steel, following expression:

while the content of nitrogen and silica is

greater in the lower carbon content steel. - =2 rR (i)

In order to favour the precipitation of va- A L

nadium nitrides in the 30MSiV62 steel, the ni-

trogen content of this steel was increased to where:

the significantly high value of 164 ppm.

In spite of the fact that in the raw, hot

transformation state these microalloyed steels number of turns per second

show high tensile strengths (greater than 800 R - radius of the sample (3 mm)

MPa for 30MSiV62 and than 900 in the case of L - effective length of the sample (50 mm)

40MVS6 steel), when the shaping processes are

performed using uncontrolled conventional tech- By expressing the values corresponding to

niques at equal values of resistance, the pro- the number of torsion turns withstood by the
perties of ductility and toughness of theperie ofdutiltyandtoghnss of he material prior to reaching the breaking point

microalloyed steels are lower than those found ateal prio to rre ithe breaking ointat each test temperature, it is possible to ob-

in traditional alloyed steels subject to heat tai the ductilty curves shown in Figure 1.

trtqtment tempering. Besides this, the elastic The diversity of metallurgical factors affect-

limit is also lower and the ferritic-perlitic ing the ductility of a metallic material - mi-

structure, characteristic of microalloyed crostructural Leterogeneity, residual elements,

steels air cooled following hot shaping, shows inclusions - demands that the information ob-

a relationship between the elastic limit (Re) taned from the curves showing ductility up to

and tensile strength (Rm) of Re = 0.65, the breaking point be limited to suitable
levels.

while this ratio reaches a value of 0.90 in the The expression linking the ductility of aThesexpressionelinkiglthedductility of.
case of tempered alloyed steels (2). material, represented by the value of deforma-

However, given the specific metallurgic tion up to breaking point ( r
) , 

with tempera-

characteristics of thes- vanadium microalloyed ture approximates to a function of type (3):

steels, which harden by precipitation during

the cooldown that takes place after the hot r = A exp - (2)

transformations, study of the shaping processes RT
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where: achieved in the 30MSiV62 steel at an approxi-

Q - activation constant mate temperature of 925 QC, a lower temperature

R - perfect gas constant than that corresponding to the 40MVS6 steel,

A - material-dependent constant which is approximately 980 QC. From the above
it can be deduced that the high ductility zone

of these steels extends from these temperatures

W which it is not advisable to exceed in shaping

- 40 MVS 6 processes.

100-... 30 MSiV6

280 
z 60 -_ 30MSiV62o 

u/ O

< 40
220

o 

z 4 -T 
j

N

z 900 1000 1180 1200 1300 M 6 -
TEMPERATURES, OC 1

FIG.1_ DUCTILITY CURVES t:
Z
U 10

The increase in the deformation temperature 900 1000 1100 1200
gives rise to a progressive increase in ducti-
lity, this tendency being maintained in theory REHEATING TEMPERATURE,°C
up to temperatures near to the melting point,

where a sudden decrease is observed. However,
the influence of the metallurgical factors men-
tioned above and the increase in temperature

experienced in any deformation process favour 40MVS6
the formation of cracks and defects and/or fu- 0

sion of segregated microphases, this giving way LUJ

to an appreciable reduction in the ductility of N 2
the material and breaking due to internal deco-

hesion at temperatures quite a lot lower than

the welting point.
However, in spite of these limitations,

which are difficult to control experimentally, 6
the ductility curves make it possible to deter-

mine the temperature zones in which the mate- LU

rial shows maximum plastic flux and in which it
is consequently more suitable for shaping. LUJ

According to the curves shown in Figure 1, 10

the maximum ductility of the 40MVS6 steel oc-
curs at a temperature of 1200 QC, this being , I

greater than the maximum point of ductility for 900 1000 1100 1200
the 30MSiV62 steel, which occurs at 1100 OC. REHEATING TEMPERATURE,0 C
Although both steels show good plastic beha-

viour across a wide range of temperatures, the Fi G.2-RELATIONSHIP BETWEEN AUSTEN-
30MSiV62 steel covers a greater range, which is ITE GRAIN SIZE UNDEFORMED AND
also prolonged to lower temperatures.

If a torsion value of 40 turns is consid- REHEATING TEMPERATURE.
ered, this being equivalent to a generalized

deformation of 1 = 8.71 (871%), which is much
higher than the maximum accumulated deforma-

tions that would occur in any process of shap-
ing (- = 5), this deformation could be
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SIZE OF THE INITIAL AUSTENITIC GRAIN be enormously reduced if during the heatup

In order to know the size of the initial prior to forging they were not put in solution

austenitic grain prior to deformation, small in order to be able to precipitate later during
the cooldowni and act with maximum efficiency.cy lind rica l sam p les w ere m ach in ed from bothTh so u i n t m e a r s of V a d N sThe solution temperatures of VC and VN as

steels (0 = 2 mm, L = 12mm) and subjected to a function of the percent content in weight of
heatup at a constant rate of 59C/s, followed by these elements may be calculated respectively
a period of temperature maintenance lasting 120 by the following equations:
seconds and a cooldown at a rate of 200QC/s.

Figure 2 shows the results of varying the lng (V) (C) = - 9500 + 6.72 (3)
size of the austenitic grain as a function of T
preheating temperature for the two steels test-
ed.

andFrom temperatures close to 1050 QC up to

temperatures above 1100 QC the 30MSiV62 steel log (V) (N) = - 833 + 3.46 (4)
shows double austenitic grains. The grain T
growth curve corresponding to this steel, Fi-
gure 2, shows the maximum and minimum grain where T represents the absolute temperature.
sizes observed over this range of tempera-tures. The maximum difference in the sizes of On the basis of these expressions o, and
the austenitic grains present in the structure more easily via direct reading in Figure 3, it(max.e 4 an m graSTins eeted atn the rn-uctue is possible to obtain the solid solution tem-( m a x . 4 a n d m i n . 8 A S T M ) i s d e t e c t e d a t a t e m - p e a u s i n t e u t n t o v n d u m c r r -
perature of 1050 QC; consequently, it can be peratures in the austenite of vanadium carbura-
deduced that this is the temperature at which tea and nitrates indicated in Table II.
the maxi-im growth of the austenitic grains TABLE II. VC and VN solution temperatures
commences in the steels under study

The 40MVS6 steel, on the other hand, does
not show double grains, and maintains a more
uniform and regular growth in grain size with 4OMVS6 3OMSiV62
temperature.

Comparison of the grain growth curves for .. 8 ........
both steels makes it possible to detect the in- VC 896 QC 883 OC
fluence of nitrogen as the element responsible ... ..... . . .. . •
for formation of precipitates with the vanadium VN 986 QC 1070 QC
(VN), these having a high capacity for increase
of the fineness ot the austunitic grains, due
to inhibition of their growth with temperature According to these data, the preheatiog
(4). In this respect, finer grain sizes are ob- temperatures normally applied in forging pro-seredinth 3M~VL stel wth 16 pm i- cesses, located at around 1250 QC, far exceed
served in the 30MSiV62 steel, with 164 ppm ni-VC and VN solution temperatures of thesesteels. However, as will be seen below, know-temperature of 1050 QC at which formation of ledge of these temperatures is also importantd o u b l e g r a i n s c o m m e n c e s. e g f t e e t m e a u e s a s m o t n

in order to determine the temperatures at which

SIMULATION OF THE FORGING PROCESS the material should be deformed during the pro-
cess.

PREHEATING TEMPERATURES - Apart from sever- DEFORMATION PARAMETERS - The basis used in

al other considerations of an operational and order to establish the deformation parameters

structural nature, the preheating temperatures to be used in simulating the hot torsion tests

used in the microalloyed steel forging process was a two-run forging of an automobile pus]

should be adapted to the temperatures at which rod, in which the values of the deformations

solubilization of the precipitates present in produced at each stroke and the av-rage rate at
which these deformations were applied were cal-the material occur . In the case of the C-Mn-V cuaebymns o th flowgexrsis

steels considered in this study, the precipi- (6):

tates that may be pre~ent are carbides of vana-

dium(VC), nitrates of vanadium (VN) and car-
bonitrates of vanadium V(C,N). 6= ln o (5)

The effects of the slowing down of the re- h

crystallization process, the inhibition of
growth of austenitic grains, the increased =  

£
fineness of ferritic grains and the hardening /m h vm (6)

by precipitation produced by the action of
these compounds, mainly VN and V(C,N) are well
known (5). However, the beneficial effects of
these precipitates, consisting of an increase
in the mechanical characteristics, especially
the elastic limit and impact resis'ance, would
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TABLE III. Deformation parameters
used in simulation of the forging

process

Forging Torsion

- 1400 1200 1000 800 (0c) 4 'T) N Np

2 10 (rpm)
1
s t0 - ~ ~ run 1.443 7.25 6.6 2000

z 10 20 2 d  u
r 0.779 7.25 3.6 2000

THERMAL PARAMETERS - In order to program
-1 isimulation as faithfully as possible, the times

to0 and temperatures were directly measured during
the development of the forging process in an

10 industrial installation.

In this respect, different preheating tem-
peratures were established, and the times be-

10 VC tween runs and temperatures of each batch were

measured at the end of each deformation. The
:> -4 'results are shown in Table TV.

05 /V N TABLE IV. Thermal parameters directly
o •measured during the forging process.

5 6 7 8 9 10 Preheat 1
t 

Run Time 2nd Run1 Cooling
Temp. (Qc) between (QC) method

10 (OK Furn. (Q0! runs

FIG3_ SOLUTION TEMPERATURES 1250 ' 1180 3 1125 air

OF VC y VN 1200 1150 3 1102 air

1150 1120 3 1087 air
w h e r eI ' 0whr f10 1080 3 -1050 air

ho = initial height I I___ -085

final height All the parts were air cooled immediately
v, = average speed of the hammer from commence- after forging.

ment to termination of the deformation

On the basis of the above, and Ignoring the EXPERIMENTAL RESULTS

small relative differences in the average Taking the real data arising from the in-

generalized rates of deformation observed be- dustrial forging process described above as thetween the two runs, the deformation parameters basic model, a wide program of hot torsion
shown in Table l! were selected. Likewise, by tests was established, covering the entire
applying the torsion equivalence equations tes ts a oft pehe at ing and e nti on
given by the expressi ,n () (*), Table ITT in- practical range of preheating and deformation
cludes the equivalent deformation parameters t a s wew n 1 0 xa 900tinnIn this way, and by exactly maintaining
for the peripheral layer of the torsion sample the same values of deformation (N) and deforms-
used, expressed in terms of the number of turns
(NI and the revolutions per minute (N. tion rate (N) shown in Table Ill, torsion testswere performed on the basis of the thermal pa-

rameters shown in Table V, while maintaining
the cooling law as close as possible to the

(*)From--the expression (1) it is possibl to industrial forging process under study.
arrive at the generalized torsion deforma- STRUCTURAL ANALYSIS - Grooves of a depth
tion equation: F = 2r R N, where N is of 0.3 mm were ground along the entire effec-

tive length of all the torsion samples tested
the number of turns and the remaining for analysis of the corresponding final micro-
bol.; have the same significance As In (I structures and determination of the grain sizes.
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Table V indicates the grain sizes obtained Under all the test conditions encountered,
in each of the samples tested. When precipi- the general microstructure of the 40MVS6 steel
tated ferrite exists at the old austenite grain is made up of ferrite and perlite with a preci-
boundaries, the austenitic size is given, and pitation of proeutectoid ferrite at the old
when the ferrite is present in the form of austenitic grain boundaries. In the case of
equiaxial grains, the ferritic grain size is the 30MSiV62 steel, the general microstructure
given, is also ferritic-perlitic, although in this

case there is a greater predisposition to the
TABLE V. Thermal parameters used incipient formation of bainite, and ferrite is
in simulating the described forging observed only at the grain boundaries in these

process by torsion samples whose last deformation terminated at

higher temperatures, generally above 1050 QC.
The deformation cycles applied under the

40MV-6 STEEL different temperature conditions have given

Preheat. Ist 2n 
" 
Post- Final Grain rise to totally recrystallized structures.

Furn. Deform. Deform. deform. Size (ASTM) U_

Temp. (QC) (9C) Cooling (1)(gO) ... 40 MVS 6
7 -- 0--- 30 MSiV 62

1225 1180 4/5 Z 0

1190 1130 5 _
1250 1170 1120 air 5/6N <

1120 1075 6 - 6 -".

1010 960 7 /"

980 930 8 0_

1180 1130 6/7 Z \

1150 1110 6/7 o 5
1200 1120 1080 air 7 -

1000 960 7/8 o
950 910 8 OM2( = 725 )
1130 1070 6/7 L 4

1150 1130 1055 air 7 0
1080 1010 7/8 Z _ ----/_ _ I_ _ _ _ _ , _

1000 1100 1200 1300
1100 1090 1050 air 7/8

1090 1000 7/8 FIRST DEFORMATION TEMPERATURE°C

3.. . . . . .STEEL FIG.4RELATIONSHIP BETWEEN FIRST
DEFORMATION TEMPERATURE AND NUMBER

1175 1115 5/6 OF ROTATIONS TO STABLE TORQUE(DYNAMIC
1200 1150 1055 air 6 RECRYSTALLIZATION)

1055 1010 (9/10)
1010 955 (9/10) Analysis of the recording curves for the
960 905 (10) different tests (torsion torque - number of

turns) clearly shows that the extension of de-
1110 1060 7 formation in the first run (I = 1.443 : N = 6.6
1060 1005 (9/10) turns) is sufficient to produce total dynamic

1150 1010 955 air (9/10) recrystallization in both steels when the tem-
955 900 (10) perature at which this deformation is accomp-

lished is greater than 950 QC. The graphs
1100 1085 1055 air (9/10) shown in Figure 4 represent the values of de-

1060 1000 (10) formation necessary in order to reach the nor-

mal operational state (equilibrium between de-
1050 1040 1005 air (10) formation hardening and recrystallization); the

graphs also show that for temperatures exceed-
ing 950 QC the number of turns required in or-

(1) The numbers shown in brackets correspond to der to achieve recrystallization is fewer than
the values of ferritic grain sizes. The that actually applied.
rest, not shown in brackets, correspond to The second deformation, performed at a
the size of austenitic grains determined lower temperature and much lower intensitv than
thanks to the presence of ferrite at the the first ( Z = 0.779 : N = 3.6 turns) is not
grain boundary. capable of causing dynamic recrystallization iu

the structure; consequently, it can be deduced
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that the recrystallization observed in the fi- CONCLUSIONS
nal microstructures has been fundamentally pro-
duced by static recrystallization during the The two vanadium microalloyed carbon-
cooldown following the second and last deforma- manganese steels considered in the present stu-
tion. Only when the temperature of the second dy are perfectly adequate for shaping by hot
deformation is higher than 1070 QC is it pos- forging.
sible to detect signs of incipient dynamic re- The wide temperature range over whichcrystallization in both steels,, as a result of these two steels show high values of ductility
the deformation applied being slightly higher permit adaptation of the temperatures at which
than that corresponding to maximum torque (de- it is possible to apply the succesive deforma-
formation at maximum torque: Imax.). tions, in order to directly achieve from forg-

These phenomena are shown in the recording ing the final material structure best suited to
curves included in Figures 5 and 6, which re- the demands imposed by each application, with-
present two extreme cases for the two steels: out the need for costly subsequent thermal
maximum and minimum temperature of the last treatments.
deformation.

STEEL 4OMVS6
STEEL 40MVS 6 0779

Tmax 2 nd Deformation2.8 2 n- Deform tio1 y 0,779 5.6 (930 0 C) 1,443
-E Z 4,.2 {9800C)

(,1 t D e fo rm a tio n
2' 1/ ,s DeformationZ4.

2 2R e anm(1 2 2 5 C ) ::: 5for8

o .2- 

o 2.1
M -

,_ Re ea i g : te n perature=12500C

r Reheating temperature=12500C 1/. E 7,25 f

0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3
NUMBER OF ROTATIONS NUMBER OF ROTATIONS

FIG.5 TORQUE- NUMBER OF ROTATIONS CURVES IN TWO EXTREME TEMPERATURES
OF LAST DEFORMATION (STEEL 40MVS6)

STEEL 30 MSiV62
STEEL 30MSiV 62

E maxE0,7
3 5 E 0,779 6.4 £ 0,779 2 O f r o i

i-' ,x 2 Deformation21. -d Deformation 5.6- (9050C) T=1,443
3 -(1115 0C) E _-L

/ /. Deform ation 4
u"2 / (1 1750C) C3 3.2/o1.5 / 

a-

ls

02.4

Reheating temperature= 12000 C 15eheating temperature:1200C
5 ~~~15 

Re i=,5-- s: 1 5g erp et re1 20 0°T 7.2 5" 
E 7,25 s -

.5.2

07 1. 4 2.1 2.8 3.5 4.2 4.9 5.6 6.3 0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 6.3
NUMBER OF ROTATIONS NUMBER OF ROTATIONS

FIG 6 TORQUE-NUMBER OF ROTATIONS CURVES IN TWO EXTREME TEMPERATURES
OF LAST DEFORMATION (STEEL 30 MSiV 62)
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Centering simply on structural considera- The experimental results also show that
tions, evaluation of the results presented in the preheating temperature does not exercise an
this study allows us to conclude that, in both appreciable influence on the final grain size
steels, the optimum microstructure is obtained and microstructure, these depending exclusively
when final deformation is accomplished at low on deformation temperatures when all other pa-
temperatures. Under these conditions, subse- rameters are equal (magnitude of deformation in
quent cooldowns by air are capable of generat- runs, deformation rate, time between runs and
ing fine grain ferritic-perlitic microstruc- post-forging cooldown rates).
tures. In this respect, the higher level of As a result of the above, apart from solu-
nitrogen in the 30MSiV62 steel allows for the bilization of the precipitates being assured in
formation of greater quantities of precipitates both steels from sufficiently low temperatures
which result in this steel attaining a consi- - M 986 QC for 40MVS6 and 1070 OC for 30MSiV62
derably finer grain size than the 40MVS6 steel - the use of preheating temperatures lower than
with identical temperature cycles associated those usually utilized in forging will permit a
with deformation, series of important advantages to be achieved,

Figure 7 shows cne micrographs for both quite apart from the clear energy saving im-
steels when subjected to an identical shaping plied. As regards the forging process itself,
process: Preheating temperature of 1200 QC, the possibility of reducing the preheating tem-
initial deformation temperature ( i = 1.443) at peratures is a factor that impacts heavily on
1060 QC, second deformation temperature of GE = the prolongation of the service lifetime of the
0.779) at 1010 9C, identical deformation rate dies.
in both cases at 7.25 s- 1 and air cooling under All the reasoning reflected above leads to
the same conditions. the advisability of these steels being forged

In these micrographs the difference in at the lowest temperatures possible. On the
grain size between the two steels can be appre- other hand, it would not appear to be advisable
ciated: 7 ASTM for the 40MVS6 steel and 9/10 to reduce the preheating temperature below 1100
ASTM for 30MSiV62, as well as the precipitation 2C, nor that the final deformation be accom-
of proeutectoid ferrite at the grain boundaries plished below 1000 QC. In both cases the ac-
produced in the first of these steels. Although tion of the microalloying elements might be
this type of microstructure can mean a reduc- less effective and the operational difficulties
tion in the impact resistance of the material, encountered in the process would increase con-
the acceptable size of the grains achieved by siderably.
cooling immediately after forging makes this On the basis of the above, it can be con-
steel a possible substitute for many thermally cluded that the optimum forging process for
treated alloyed steels. This is undoubtedly these microalloyed steels, considered as a real
the case for the 30MSiV62 steel which, with its thermomechanical treatment, should be developed
ferritic-perlitic structure with grain sizes of under the following conditions:
9 or 10 ASTM and a fine perlite, guarantees ap- For 40MVS6 steel, which shows a maximum
propriate levels of strength, elastic limit and ductility temperature of 1200 QC with high va-
impact resistance for replacement of many lues as from 1,000 QC, a regular austenitic
Plloyed steels in Q+T conditions, with impor- grain growth rate, a precipitate solubilization
tant economical advantages, temperature close to 1000 QC and a minimum tem-

40MVS 6 (x200) 30 MSiV 62 (x200)

FIG.7- MICROSTRUCTURE OF BOTH STEELS TESTED IN THE SAME CONDITIONS
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perature of = 1070 QC for incipient dynamic re-
crystallization during the second deformation
(Z= 0.779), the most adequate forging thermo-
mechanical treatment for manufacturing of a
piece of this steel, with the deformation para-
meters used in this study, might be developed
under the following conditions: Preheating tem-
perature = 1150 QC; initial deformation tem-
perature = 1120 QC; temperature of the second
and final deformation= 1090 QC; and air cooling
immediately following the final deformation, at
a rate of between 50 and 250OC/min. Under
these conditions the final microstructure of
the steel would be ferritic-perlitic, with a
grain size of 6 or 7 ASTM, depending on the
post-forging cooldown rate applied.

In the case of the 30MSiV62 steel, which
has a maximum ductility temperature of 1100 QC
with high values being maintained as from 950
QC, a fast grain growth rate above 1050 QC, to-
tal precipitate solubilization at 1070 QC and a
minimum temperature of - 1070 QC for incipient
dynamic recrystallizatfon during the second de-
formation (Z= 0.779), the most adequate ther-
momechanical treatment in forging for produc-
tion of a piece of this steel, with the defor-
mation parameters established in this study,
might be as follows: Preheating temperature =
1100 QC; initial deformation temperature,- =
1080 QC; temperature of the second and final
deformation = 1050 QC; and air cooling immedia-
tely following the final deformation at a rate
of between 50 and 250QC/min. Under these con-
ditions, the 30MSiV62 steel would attain a very
fine ferrite and perlite microstructure - 9/10
ASTM - of high characteristics.

Evidently, the decision to reduce the forg-
ing process temperatures of these steels re-
quires adequate control of all the thermal and
deformation parameters, and necessarily implies
that the modification of certain operational
and design aspects affected by this decision be
suitably addressed.
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ABSTRACT weight, saving welding cost and so on. It is
expected that the development of high strength

Uniform deformability of steel plates which steel plate with low YR extends the application
relates to yield ratio is one of the important of high strength steel plate to larger scale
engineering properties for the safety of the steel structures which are required high
large scale steel structures under severe resistance against catastrophic failure.
loading conditions. In order to develop the In the present paper, in order to develop
heavy gauge 60 kgf/m 2 class tensile strength the 60 kgf/mm' class tensile strength steel
steel plate with low yield ratio, the influences plates (tensile strength 58 kgf/M 2 ) with low
of heat treatment conditions and Thermo- YR, influences of heat treatment and
Mechanical Control Process (TMCP) on yield and microstructures on YR were investigated. On the
tensile strengthes and yield ratio were basis of these fundamental studies, 60 kgf/= 2

investigated. Test results of laboratory studies class steel plates with low YR (plate thickness
showed that both of high strength and low yield : 80mm) were manufactured in a mill scale, and
ratio can be achieved by quenching from mechanical properties of base matal and welded
appropriate dual-phase (a+7 ) temperature (Q') joints were examined in detail. Application of
following after pre-treatment. On the basis of Thermo-Mechanical Control Process (ThCP) to
above studies, low YR 60 kgf/mm" class steel manufacturing high strength steel plates with
plate with 80 mm thickness was produced by QQ'T low YR was also investigated in this study.
and ThCP-Q'T processes in a mill scale. The YR
of mill trial steel plates was sufficiently low
value below 80 %. In addition, fracture PRELIMINARY STUDIES ON LOW YR
toughness and weldability were also sufficient HIGH STRENGTH STEEL PLATE
as heavy gauge 60 kgf/m 2 class steel plate.

Generally, YR of steel plate tends to
decrease in the case of microstructure with high

YIELD RATIO OF STRUCTURAL STEEL PLATES is density of movable dislocations such as as-
one of the important engineering properties'' quenched bainite and martensite. Microstructure
which controls uniform plastic deformability of such as ferrite, which can easily initiate and
steel structures under severe loading conditions multificate movable dislocations, also
(ex. seismic load). Lowering of yield ratio (YR: contributes to decrease YR. In such steels,
yield strength/ultimate tensile strength) is yield strength (YS) can be decreased, because
effective to improve the uniform deformability, plastic deformation is induced by a little
however, YR of steels generally increases as strain. On the other hand, metallurgical factors
tensile strength increases. The change of YR controlling tensile strength (TS) are different
relates to microstructure. For example, the YR from those of YS. The TS of steels relates to
of tempered bainite and/or martensite steels is solid-solution strengthening, volume fraction of
higher than that of ferrite-pearlite steels. the second phase, and work hardened ratio of

On the other hand, the high strength steel matrix and second phase.
plates above 60 kgf/= 2 class tensile strength Since the controlling factors of TS are
produced by quenching and tempering (QT) process different from YS and YR, in order to produce
have many advantages of reducing component the steel plates with high TS and low YR, it is
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necessary to control YS and TS independently, increase with an increase of Q' temperature.
From the considerations on dislocation behavior Therefore, in order to obtain the appropriate
described above and from the studies 21 

4)'1) mixed microstructure, optimum Q' temperature
carried out for the developement of 80 kgf/ml should be determined by considering the change
class tensile strength steel plate with low YR, of dual-phase temperature range due to chemical
it is confirmed that control of the ferrite composition.
volume fraction and high strength second phase In this study, rapid cooling treatment was
volume fraction is most effecient for lowering performed as pre-treatment in order to refine
YR and obtaining high strength. The desirable the mixed microstructures uniformly. The rapid
mixed microstructures, which satisfy both of cooling treatment is effective to disperse
high strength and low YR, are bainitic refined carbides which can become austenite
microstructure containing ferrite. This mixed transformation sites during reheating at dual-
microstructure can be obtained by quenching from phase region. In addition, the application of
appropriate dual-phase (a + ' phases) ThCP to pre-treatment was also investigated in a
temperature (Q' treatment), mill trial. One of the beneficial effects of

Figure I shows the influence of Q' ThCP is an increase of strength without
temperature on grain size and martensite volume contribution of additional alloying elements. It
fraction of the high strength steel plate'". is expected that application of TMCP can also
Ferrite grain size decreases as the Q' exert such profitable effect on the production
temperature increases. On the other hand, grain of low YR high strength steel plates.
size of martensite and its volume fraction

LABORATORY STUDIES
- 1.00 I Ac1 ,'Ac3 EXPERIMENTAL PROCEDURE - Table I shows the

t 0.8 i 0 I aimed mechanical properties of the 60 kgf/=i'0I

L iclass tensile strength steel plates with low YR.
0.6 Martensite The plate thickness is determined as 80 mm by

a) "taking account of application to the large scale
E0 4  steel structures. The steel plates above 58

0, kgf/= 2 tensile strength are included in the
> 0.2- category of 60 kgf/mm' class steel plates as

.~. shown in Table 1, and YR is aimed to be below

0 85Z in this study.
| The steel plate prepared for the simulation

' Ferrite 151Lm of heat treatment is a 60 kgf/m 1 class high

\ E 4.0 strength low alloy steel plate with chemical
4.0- composition shown in Table 2. The thickness was

,,, i reduced from 90 mm to 80 mm by machining.4;'3.0- 0
W 2.0 L - . Table I Aimed properties of 60kgf/= 2 class
.5 " Martensite i tensile strength steel plate
L- 1.0.

0D __ YS TS YR vE0  Thick-

700 750 800 850 900 kgf/m 2  kgf/im' " kgf.m ness(,m)

' temperature. °C > 44 ! > 58 i< 85 > 5.01 80

Fig. 1 Influence of Q' temperature on grain
size and martensite volume fraction

Table 2 Chemical composition of steel tested
wt%

t m C S i Mn I) S " _u Ni Cr Mo V Ceq

90 0.13 0.25 1.48 0.012 0.002 0.18 0.19 0.08 0.17 0.04 '0.45

NOTE : used for labo. simulation.
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•. ... ... , 1 m ........11

TEST RESULTS AND DISCUSSION - Fig. 2 shows during reheating in dual-phase region. Fig. 4

the influence of Q' temperature on mechanical shows the scanning electron micrographs (SEl) of

properties of the rapid-cooling-Q'T(QQ'T) the same heat-treated steel plates. Bainite and

processed steel plates. The YS, TS and YR recrystallized ferrite with carbides can be
slightly decrease at first and then increase observed in the Q' treated steels. The bainite

with an increase of Q' temperature. With respect with coarsened carbides is retained bainite

to toughness of Charpy-impact test, vTs which is tempered at dual-phase temperature.

(50FATr) is sufficiently low (below -90 T2) The observations of microstructure indicate

under Q' temperature from 740 to 810 *C. The that the mixed microstructures obtained after Q'

range of Q' temperature which satisfies the treatment are consisted of re-transformed

aimed mechanical properties (YS44 kgf/m 2 , bainite and/or martensite, bainite with

TS>58 kgf/mm", YR 85Z) is wide enough to stably coarsened carbides and recrystallized ferrite

produce 60 kgf/m 2 class steel plate with low with carbides. It is confirmed that the Q'

YR. In addition to low YR, toughness is also treatment is effective to obtain ferrite which

improved through refinement of microstructures can decrease YR.
by Q' treatment.

Influence of Q' temperature on
microstructures is shown in Fig. 3. The QT _Q (74 (M

microstructure before Q' treatment is mainly
bainite. The volume fraction of deeply etched
microstructure tends to increase with an
increase of Q' temperature. These
microstructures are bainite or martensite which
enriches alloying elements, and they were re-
transformed from austenite which had transformed

Q 7 0")T QQ' (8 1 0TC) T

40
t=80mm(Q- Q- T)

T 141

1001

120 Fig. 3 Influence of Q' temperature on
microstructure

9 0 - 0
,1 -- 0,..._ ,. , QW (74 Or) " QQ' (780C) T

10

TS /-

QQ" (8 1 Or) T

**0 YS

A, 710"C

A. 840"C
40 , I_________________

720 760 800 900

Second quunching temp.. "C

Fig. 4 Scanning electron micrographs (SE4)

Fig. 2 Influence of Q' temperature on of the steel plates under various Q'
mechanical properties conditions
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MILL TRIAL STEEL PLATES shown in Fig. 5. However, its 50 % FATT is low
enough as heavy gauge 60 kgf/mm2 class steel

MECHANICAL PROPERTIES OF BASE METAL - On plate. It is possible to obtain finer grain size

the basis of laboratory studies described by control of ThCP conditions such as slab

proceeding Chapter, mill trial was performed to reheating temperature, finish-rolling
manufacture 60 kgf/m 2 class low YR steel temperature, water-cooling conditions and so

plates. The chemical composition and on.
manufacturing conditions of a mill trial steel
plates with 80 m thickness are shown in Table -
3. Manufacturing processes employed were QQ'T . .-- --- --- --

and ThCP-Q'T processes. Conventional QT steel .P
plate with 80 mm thickness was also produced by t
using the same heat for comparison.

Fig. 5 shows the microstructures of QQ'T,
ThCP-Q'T and conventional QT steel plates.
Bainite with re-transformed bainite and/or
martensite and ferrite recrystallized by Q'
treatment can be observed in microstructures of TMC , QT

QQ'T and ThCP-Q'T steel plates. The grain size !
of TMCP-Q'T steel plate is slightly larger than
that of QQ'T steel plate. Transmission electron -

micrographs of QQ'T steel plates are shown in
Fig. 6. Ferrite with low dislocation density,
and bainite with laths and carbides can be
observed. It is confirmed that the bainitic
microstructure with ferrite is also obtained in 50

the mill trial steel plate produced by Q'
treatment. Fig. 5 Microstructures of QQ'T, TMCP-Q'T

Figure 7 shows the results of tensile test and conventional QT processed steel
and Charpy-impact test on QQ'T, ThCP-Q'T and
conventional QT steel plates. The YS, TS and YR
of QQ'T steel plate satisfy the aimed value
listed in Table 1, and YR achieves below 80 Z.
In the case of conventional QT processed steel
plate, their YS, TS and YR are higher than those A-1
of QQ'T and ThCP-Q'T ones. The strength of ThCP-
Q'T steel plate is higher than that of QQ'T one,
although the tempering temperature of TMCP-Q'T
steel plate is higher than that of QQ'T one.
This result indicates that an increase of
strength caused by TMCP inherites even after Q' q.... .,
treatment.

The 50 % FATT of Charpy-impact test results
of TMCP-Q'T steel plate is slightly higher than Fig. 6 Transmission electron micrographs of
that of QQ'T one due to coarsening grain size as QQ'T processed steel plate

Table 3 Chemical composition and manufacturing conditions
of mill trial steel plates

wtZ
t mm C Si Mn P S Cu Ni Cr Mo V Ceq

80 0.13 0.25 1.44 0.012 0.002 0.21 0.20 0.08 0.17 0.04 0.45

Manufacturing conditions
tempering temp.: QQ'T ; 580T, TMCP-Q'T ; 620'C, QT' ; 6000 C
Q' temp. : 780*
ThCP condition : slab reheating temp. ; I050TC

finish-rolling temp. ; 8001C
finish-cooling temp. ; <200*C
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The examples of stress-strain curves of As same as the tensile properties,
tested plates are shown in Fig. 8. The uniform sufficiently good properties as 60 kgf/im2 class
elongation of QQ'T and TMCP-Q'T steel plates is steel plate with heavy gauge were obtained in
improved up to 13-14 % in addition to low YR. On both of drop weight test and CTOD test. The
the other hand, the uniform elongation of improvement of fracture toughness is attributed
conventional qr processed steel plate is about to refinement of microstructure and an increase
9-10 %. of uniform elongation by Q' treatment. By this

Figure 9 shows the tensile test results of improvement of toughness, high strength steel
small-size specimens sampled from seven plates with low YR can be applied not only to
locations in the thickness. The variation of YS, large scale steel-structures but also to other
TS and YR of QQ'T and ThCP-9'T steel plates in structures which are required high resistance
the thickness is much slighter compared with against brittle fracture.
those of conventional QT one. Moreover, QQ'T and
TMCP-Q'T steel plates achieves sufficiently low WELDABILITY OF QQ'T PROCESSED STEEL PLATES
YR (YR<80%) at any location in the thickness. - Three types of welding and Tekken type Y-
Despite heavy gauge steel plate, uniform groove cracking test are performed for
mechanical properties of QQ'T steel plate are examination of the weldability of QQ'T steel
demonstrated by this mill trial, plate.

Table 4 shows the results of drop weight Table 5 shows the welding conditions of
test of QQ'T and ThCP-Q'T steel plates. Their Submerge Arc Welding (SAW) and CO,-Gas Shielded
NDT temperatures are -80 'C and -75 0C Arc Welding (CO,-GSAW). The heat input condition
respectively. CTOD test results of QQ'T of SAW is 4.5 ki/mm and that of CO,-GSAW is 2.5
processed steel plate are shown in Fig. 10. It kJ/mm respectively. Table 6 shows the welding
is shown that the CTOD value is larger than 0.6 conditions of Electro Slag Welding (ESW) under
mm even at -40C. high heat input at 133 ki/mm. SAW and CO-GSAW

are generally employed for construction of steel
structures. ESW with high heat input is employed
for construction of large scale steel structures

- using heavy gauge steel plates.
Table 7 shows the results of tensile test,

44) Charpy-impact test and maximum hardness of SAW
and CO,-GSAW welded joints. Tensile strength and

6Charpy absorbed energy at 0 'C (vE0 ) are high

MI)

0

QTA) TMCP-Q' T

40

TQ TMCPQ

Fig. 7 Mechanical properties of Q0QT, TMCP- Fig. 8 Stress- strain curves of QQ'T, TMCP-
Q'T and conventional QT processed Q'T and conventional QT processed
steel plates steel plates (specimen :d=ii)
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-0. 
4.0 .Direclion T

Size BX2B
YR2.0 -0

>- 70 E
OQQ'T E 1.0 -
ATMCP-Q T Direc T 0
" QT d-4m 0,6 0 06G

open " YS

solid: TS 0.4

70

02 I ,
-120 -80 -40 0

60- Testing temp. °C

] ' . Fig. 10 CTOD test results of QQ'T processed
4: 50steel plate

40 1 Table 5 Welding conditions of SAW and

0 20 40 60 80 CO,- GSAW
Distance from surface uSAW

Welding VS 49 I48¢1

2-materials '4iFFig. 9 Tensile properties of QQ'T, ThCP-Q'T " ,1 -- eatema IF C
and conventional QT processed steel I Preheat temp 150,C
plates ' [ lnterpass temp 131 - 200 'C

RbArc lultage :1: '3

- Welding current 680 A

Speed 3ll h1m miii1

leat input 4 -3 kJ 11m
t Side' 18 pass , 13 lax r5

t nit mm F side |i a e. Ii la\ers
Table 4 Drop weight test results of QQ'T and - - ;SAW

ThCP-Q'T processed steel plates

Iii' matlerials liiii I. '()

Process i Specimen Direc. Position NTT (*C) Preheat tmp I "(Il

- lnterpas tentp 1) - 2{1 i '( C
QQ'T P-! T Surface -6 / riiltage 17 V

T CP-Q'T P-I T Surface 1 -75 -W - -u AI , , iSpeed 1 280 mmt min

RHeat input -, kJ mm

Ii ide: 21 passes. 9 layers

hut ritt F side ' 25 passes. 9 layers
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enough and satisfy the aimed value. Maximu cracking test are sufficient as the heavy gauge
hardness of CO,-GSAW joint is Hv 257. 60 kgf/= 2 class steel plate.

Table 8 shows the mechanical properties of
ESW welded joints. The tensile strengthes are
above 60 kgf/u. and toughnesses of Weld CONCLUSION
Metal(WM) and Heat Affected Zone(HAZ) satisfy
the aimed value. The minimum hardness of ESW The low YR steel plate with 60 kgf/m 2

welded joint is Hv 171. class tensile strength (TS 58 kgff/= 2) was
Tekken type Y-groove cracking test is also developed on the basis of the investigations on

shown in Table 7. Pre-heating temperature for the influences of heat treatment and TMCP
preventing from weld-cold cracking is conditions on YR. Test results obtained in this
sufficiently low temperature below i00 *C. study are as follows.

Both of the mechanical properties of SAW, (1) Ferrite which can easily initiate and
CO,-GSAW and ESW, and results of Y-groove multificate movable dislocations is effective to

decrease YR. Both of low YR and high strength
can be achieved by controlling bainitic

Table 6 Welding conditions of ESW with microstructure with ferrite.
high heat input (2) The Q' heat treatment at appropriate dual-

phase temperature makes it possible to obtain
the desirable mixed microstructure. It was

Welding US 49-- 1  confirmed that low YR 60 kgf/m 2  class steel
plates can be produced by QQ'T and TMCP-Q'T

a -: processes.
Arc %oltage" 42_V (3) Despite heavy gauge steel plates (80 m
Welding current'_ 450A thickness), stably high strength and low YR of

Speed 17 mi min QQ'T and TMCP-Q'T steel plates are demonstrated
II at TilLit 133 kJ mm by a mill trial.

- T,o (4) In addition, uniform elongation, Charpy-

electrodes impact properties and fracture toughness are
ttiitntit Iimproved by Q' treatment through refinement of

microstructure.

Table 7 Mechanical properties of welded joints (SAW and CO,-GSAW)
and Y-groove cracking test result

Welding Heat Tensile test ' Charpy impact test Maximum Y-groove

method input TS 1 Frac. Posi. vEo kgf-m hardness cracking
,J/mm kgf/ml I posi.1 i WM FL HAZ I Hv(IO) test °C

S A W 4.5 654 WM 1/4t 10.7 12.1 28.8 251
65.4 WM 1/2t 10.1 11.4 32.2 100t t tr

GO,- 2.5 i 66.2 BM 1/4t 13.7 18.8 33.5 257

G S AW 66.9 WM I 1/2t 10.0 32.7 36.4

Table 8 Mechanical properties of high heat input welded joints (ESW)

Tensile test Charpy impact test Minimum I

Posi. TS I Frac. I Posi. E0  hardness [ :

i kgf/m= posi. kgf-m Hv(10) A2
X 64.6 r BM i ()i 8.6

64.6 BM i(2) 15.9 -171 4

X 61.8 WM (3) 14.2

62.3 WM p
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(5) mechanical properties of welded joints of
SAW, CO,-GSAW, and ESW are sufficient as 60
kgf/m 2 class tensile strength steel plates.
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COHERENT AND INCOHERENT PRECIPITATION
FORMED DURING HOT PROCESSING AND

PLATES AND STRIPS IN HSLA STEELS

V. Leroy, J. C. Herman
Centre de Recherches Metallurgiques, rue Er Solvay

11 B-4000 Liege. Belgium

It is now well accepted that grain refinement quently such precipitation is particularly
and precipitates size distribution play an suited for improving tensile properties of

important role in determining the mechanical the product in the as-rolled condition.
properties of high strength microalloyed In addition, it may be assumed that
steels. As far as precipitation is concerned. ihe balance between incoherent and coherent

the particle size distribution in the as- fractions will be closely related to steel
rolled condition is influenced by the thermo- composition and processing parameters such as
mechanical parameters as well as steel conm- hot deformation temperature, CUmclative

position (I - 2 - 3 - 4). strain and interpass time ir, the finishing

After solid solution treatment mill, accelerated cooling on the run-out
during slab reheating, it is possible to form table and coiling temperature.
precipitates in the metallic matrix at each In a previous paper (6), we have
stage of the whole hot processing treatment; shown how it is possible to quantify the
precipitates differ from one another in influence of some processing parameters on

shape, size, distribution and interfacial the incoherent-coherent precipitation balance
energy according to the temperature at which in th- case of Ti bearing HSLA steels. This

they are formed (5). evaluation was mainly based on chemical ana-

In this problem, it is usual to make lysis of selective electrolytic dissolved
a distinction between : specimens previously deformed in a multi-pas

undissolved particles after reheating hot compression testing equipment and
which contribute to prior austenite grain quenched at different steps of the hot

size control, processing cycle.
the strain induced precipitation formed This study has shown that finishing

during hot deformation which controls to temperature near 950"C comtined with large
some extent the austenite recrystalli- cumulative strain and longer interpass time
sation process, increase the strain induced incoherent

the transformation induced precipitation precipitation for Ti HSLA steels, Reducing
which is formed at the J/a transformation the f/a transformation temperature, for

and appears random or aligned in the example by adjusting the steel composition.
transformation interface or increasing the cooling rate change part of

the low temperature precipitation the precipitation from incoherent to coherent

observed in the transformation products type. In addition. it was shown that the

such as ferrite or acicular ferrite. This hardening effect of the coherent Ti carbide
latest precipitation is formed at lower precipitation is equal to 3000 MPa/Z, what is

temperature during cooling, coiling or rather in good agreement with theoretical
tempering, evaluation

It is generally accepted that strain The present study is mainly aimed to
or transformation induced precipitations extend the work to the case of Nb micro-

formed at high temperature are incoherent alloyed steels in view to quantify the kine-
with the metallic matrix and control the tics of both incoherent and coherent precipi

recrystallisation and grain growth of auste- tations. It is also intended to define the
nite or transformed ferrtte. On the contrary, influence of some processing parameters as
precipitates formed at lower temperature are well as steel compostion

coherent with tLe parent matrix and conse
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as measured after reheating treatment and the
EXPERIMENTAL measured incoherent fraction.

The precipitation hardening effect
The compositions of the steels used in this is deduced from hardness measurement made at
study are listed in table I. These materials the thermocouple location and expressed in
were produced as vacuum induction melted terms of tensile strength after correction

laboratory ingots. After homogeneisation at for grain size variation made by OTM 720.
1200°C. the ingots were hot forged to plates

25 mm thick which were air cooled to room RESULTS AND DISCUSSION

temperature.
Test specimens for hot deformation KINETICS OF PRECIPITATION DURING HOT

study were cylinders (20 mm in diameter, 20 PROCESSING - After reheating at 1200"C, Nb
mm in height) removed from the hot forged steel 23 specimens were hot deformed with a
plates. constant deIormation schedule (c e 5 x 0.20 -

Simulation of the different thermo- i = 2 s - tip = 2s). Figure 1 gives the
mechanical process were carried out in evolution of incoherent precipitation as

compression on a TMT-S equipment (Thermo measured in test specimens quenched at diffe-
Mechanical Treatment-Simulator). This equip- rent steps of the processing cycle. The
ment based on a computer controlled MTS deformation temperature was respectively 1075
hydraulic machine performs multi-past and 950*C in these tests. For comparison

compression tests (strain rate i z 30 s purpose, the same figure gives the dependence

max, interpass time tip = 0.1 s min). The of the incoherent Ti carbide fraction as
deformation law (strain rate versus strain) measured in a previous work (6) for a Ti-
is adapted at each deformation step according steel (steel 12).

to the simulated rolling schedule. Glass These results show that no precipi-
lubricant is applied to reduce friction and tation is observed during cooling (1.5*C/s)
barrelling. A high speed manipulator is used from the reheating temperature to the start
ior positioning test specimens equipped with of hot deformation. As soon as deformation is
thtrmocouple inserted in the mid-section. The applied, incoherent precipitation is detected
transfer if specimens between the reheating which, for such reason, is called "strain

furnace, the compression testing equipment, induced precipitation". For both steels, it
the cooling device (1 to 100"C/s) and the appears clearly that this strain induced pre-
coiling furnace is made by means of the same cipitation increases by lowering the defor-
manipulator. At any step of the thermomecha- mation temperature.
nical cycle, the sample may be water quenched During cooling from finishing
within I second for precipitation analysis. temperature to the -I(i transformation
The amount of incoherent precipitates in test temperature the incoherent precipitation does

specimens is measured by selective electro- not progress or just a few. Depending on

lytic dissolution (151 KBr, 4Z citric acid, deformation temperature (and other parameters
pH = 2, - 0.150 V/SCE) of the metallic to be precised later on), the kinetic of
matrix, filtration on a millipore membrane precipitation changes drastically within the
with a rated pore size of 250 A, alkaline transformation gap (750-700"C); the larger

fusion of filter residues and ICP analysis. difference in terms of -transformation

For any quenched test specimen, the coherent induced precipitation' is observed for

fraction related to any microalloying element Ti-steel. No more evolution is observed

is assumed to be equal to the difference during additional cooling down to room
between the to~al soluble content temperature.

Table I -Chemical analysis of experimental steels 10 -3Z

Index Steel C Mn S1 S P Al N 2  Nb Ti

23 Ref Nb 68 1090 195 6 4 40 2.9 45

27 Nb 73 1015 150 1 4 40 0.1 43

28 Nb 65 1055 190 1 5 40 1.7 44

29 Nb 70 i070 95 1 4 38 4.8 52
24 Low Mn Nb 68 320 187 5 4 40 4.4 43

25 Low C Nb 38 1170 207 4 5 38 4.2 45
26 Low C Nb 33 1010 170 1 4 34 0.1 49
12 Ref Ti 79 1110 208 4 23 36 5.7 1 170
21 Low Mn Ti 69 290 195 5 4 47 4.2 114

22 Low C Ti 41 1110 198 5 5 43 4.6 115
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At the same figure are reported the RHAIG100
tensile streng M corrected for grain size REHEATIN 1 20 0

0
C

(TS - 12.16 d ) of the as-rolled products DEF TON:5.20% A) 5°C

which appear to be inversely correlated to QUENCHING AFTER DEFORMATION

the incoherent precipitation fraction.

EFFECT OF COOLING RATE AND STEEL 0020 4

COMPOSITION - The same procedure was applied

to Nb steel (23), low Mn-Nb steel (24) and

low C-Nb steel (25) for which the total Nb

content is approximately constant. Figure 2 .0-15

gives for steel 23 the dependence of the 9

incoherent carbo-nitride precipitation as 0 07V -03%Mn

measured for two different deformation

temperatures and two different cooling 
rates. 001

The previous conclusion holds for

all experimental conditions and it is

observed in addition that an increase in

cooling rate lowers the incoherent fraction

measured on the end product.

As far as steel composition is

concerned, it is clearly observed in figure 3 HOD

that lowering the manganese content (steelooo 0o'o o o003 4 
24) results in an increase of the incoherent NITROGEN CONTEN 0)

fraction due to the fact that the f/ trans-

formation temperature is higher for this

steel. Fig. 4 Effect of nitrogen and carbon

It may be concluded that tht- effec- contents on strain induced precipitation in

tiveness of the cooling treatment to promote Nb-steels.

coherent precipitation is increased when the

y/m transformation occurs at lower tempera- reheating and the incoherent fraction in the

ture what can also be related to the state of as-rolled material. It is interesting to

the strained austenite. correlate this coherent fraction whith the

Comparing the reference Nb steel precipitation hardening measured for the

(23) to the low C-Nb steel (25), it is also different test specimens processed in the

evident that the amounts of strain induced present work,

precipitation as well as transformation Mixing all the results, taking into

induced precipitation are lower for the low account the solid solution hardening due to

C-Nb steel, owing to the limited niobium actual Mn and Si contents as well as the

sursaturation in strained austenite and in phase hardening due to different perlite

ferrite, content (as measured by OTM 720), it is

In this respect, it is generally possible to deduce a mean precipitation

assumed that incoherent and coherent preci- hardening value equal to 2200 MPa/. for the

pitation are carbo-nitride in the case of Nb coherent Nb carbo-nitride precipitation, as

HSLA steels. We have tried to check this shown in figure 5.

assessment for strain induced precipitation It is interesting to observe that.

by quenching test specimens with different in a previous work, the precipitation harde-
Mn, C and N contents after a same reheating ning coefficient of the coherent precipita-

treatment (1200"C) and hot deformatton tion was mearr-d equal to 3000 MPa/ for

process (950"C - e = 5 x 0.20 - t 2 s - Ti-HSLA steels (6).

tip = 2s). Such values are in good agreement
Figure 4 gives the dependence of the with ASHBY-OROWAN theoretical assessments of

strain induced precipitation as a function of maximum hardening effect due to optimized

the total nitrogen content for reference Nb random distribution of particles 20-40 A in
steels, low Mn Nb steels and low C Nb steels, diameter (7).

These results show clearly how nitrogen In conclusion, it appears that

promotes the formation of the incoherent precipitation hardening is mainly improved by

strain induced precipitation formed at rather the increase of the coherent fraction which,

high temperature; from such results, it can in turn, is depending on deformation tempe-

be also anticipated that nitrogen would lower rature, interpass-time during hot-rolling,

the formation of coherent fraction respon- cooling rate at the transformation tempera-

:ible for steel hardening, as we discuss ture and chemical composition (C-N-Mn) of

hereafter, steels.

HARDENING DUE TO COHERENT PRECIPI- With respect to steel composition,

TATION - The amount of coherent precipitation the influence of carbon and manganese con-

in the end product is derived from the measu- tents on mechanical properties in the as

rements of both the soluble content after rolled condition, is well known; it is
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Fig. 5 - Hardening due to coherent precipita- 400 -

tion in Nb and Ti HSLA steels.
, , , ,100

perhaps more interesting to focus in some I10 100 90 800
more details on the influence of nitrogen. DEFORMATION TEMPERATURE (0C

Figure 6 gives the tensile strength

as a function of hot deformation temrerature Fig. 6 Effects of deformation temperature
for several Nb steels with variable nitrogen and nitrogen content on the resistance of

content (reheating 1200"C - deformation Nb-steels. Reheating : 1200"C, deformation :

schedule as above - cooling to room tempera- 5 x 20Z-tip : 2s, cooling rate : 3-4"C to

ture). For both low and normal carbon con- room temperature.
tents, one observes that a reduced nitrogen30
content results in higher tensile strength oEFRMAr1N AT O0c C"
for as-rolled steels. This effect is in

qualitative agreement with the reduced Z75 fi*def at 1000 0c
formation of incoherent precipitation due to

a lower nitrogen content (fig. 4). However
the tensile strength increase is greater than T"
it could be deduced by 3ust transforming part

of the incoherent fraction in a coherent pre-

cipitation taking into account a hardening Low Mn-Ti
coefficient equal to 2200 MPatj. It probably n5 CE!
means that the hardening coefficient of cohe- c: LowC -Ti X-rent precipitation could be greater for car- Z: ' 

c " °  r  b L W

bide than for carbo-nitride. 0WO 0
EFFECT OF ACCELERATED COOLING RATE - L -N -

To investigate the possibilities of accele- "n-Nb Mn-N
rated cooling on the run-out table of a hot

strip mill, the preceding work has been 175-
extended to cooling rate ranging from 8 up to 5W
80" C/s in the case of both Nb and Ti bearing
steels.

The reheating temperature and hot
deformation schedule were kept constant as in C*=ICOILED 600°
the here-above work, except for the deforma- 12L , I , 400
tion temperature equal to 900"C. The influ- 10 t90
ence of cooling rate on the tensile strength COLING RATE-°c/s
is reported in figure 7 for all the steels. Fig. 7 - Effect of cooling rates on tensile

strength of Nb and Ti HSLA steels -ooled down

to room temperature [except C coiled at

600"C].
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As expected, it appears that acccleiated the metallic matrix what in turns reduces the
cooling increases the tensile strength as a precipitation hardening :this new precipi-consequence of a more extended coherent tation could be called "secondary incoherent
precipitation as well in Ti steels as in Nb precipitation".
HSLA steels. However experimental results Figure 8 gives the dependence of theshow that for cooling rate in excess of incoherent Nb carbo-nitride content as mea-20"C/s, some distinction has to be made sured for the reference Nb steel hot deformed
according to the manganese content of the at 900*C and cooled respectively down to roomsteel, temperature or coiled at 650 or 680"C. This

For low Mn content, a continuous graph shows again how an increased coolingimprovement of the tensile strength is rate reduces the incoherent precipitation forobserved for the whole range of cooling rates test specimens cooled down to room tempera-
due to the precipitation change from inco- ture. Coiling at 650"C does not change theherent to coherent (fig. 2) in a ferritic amount of incoherent precipitation. On the
matrix, contrary, coiling at 680"C results in an

On the contrary in a high Mn steel, increased amount of incoherent precipitationas soon ai the cooling rate reaches a value what is related to the formation of secondaryequal to 20"C/s, the tensile strength remains incoherent precipitation during coiling at
constant or even decreases for low C Ti higher temperature.
steels cooled down to room temperature (fig.
7).

For such high Mn steel, it is quite 50 REFERENCE Nb STEEL COILING T(0 0
evident that higher cooling rate causes aci- H deoLaNG T(00
cular ferrite or bainite to replace progres- 2 5t deformoton gm°C
sively polygonal ferrite-perlite m icrostruc- 

a4 Q 45) -_ - * 50

'ur. This change in microstructure can * 680certainly not justify the levelling or even 4 \j57) (499)
the drop observed in the dependence of '-*k ,, . --. .. (5051
tensile strength on the cooling rate. For

E-- (48) __- __such reasons, we reach the conclusion that
the strengthening due to bainite formation
compete with an important loss in preci-
pitation hardening. In fact, coherent preci- m (532;
pitation is suppressed at cooling rates in 2________,,__
excess of a critical value what, in turn, (542)
means that microalloying addition is retained
in solid solution (4) for such bainitic 5
microstructures.10 . (547)

As shown in figure 7, this reduction
in precipitation hardening is more effective 

I
in Ti-bearing steels especially when defor- F)
mation is performed at higher temperature 01(1000*C). 0 25

EFFECT OF COILING AFTER ACCELERATED COOLING RATE (°c/s.)
COOLING - If part of alloying addition is
retained in solid solution, it can be fore- Fig. 8 - Influence of cooling rate andseen that a new hardening will be observed coiling temperature on incoherent
during subsequent tempering treatment such as precipitation for Nb steels deformed at
self-tempering after interrupted cooling for 900,C.
plates or coiling for hot strips. This effect
is shown in figure 7 for reference Nb and Ti Due to this additional precipita-
steels after coiling at 600'C. The coiling tion, one observes that the tensile strengthtreatment results in a tensile strength is lowered as shown by experimental results
increase of 80 MPa for Ti steels hot deformed reported in the same figure. Based on aat 900°C and cooled to the coiling tempera- hardening coeff:cient equal to 2200MPa/Z forture at a rate of 60C/s. This effect is not coherent precipitation (fig. 5), it isso important for Nb steel processed in the interesting to note that the transformationsame condition as shown in the same figure. of an amount equal to 20 10 1 Nb carbo-

In addition to that, it is also nitride from the coherent to incoherent typeimportant to note that the effect of coiling must induce a drop of 40 MPa in tensile
is hardly depending on the coiling tempera- srength : this computed value is in goodture. Coiling at high temperature after acce- agreement with experimental data reported inlerated cooling will induce precipitation of the same figure.
alloying element as incoherent particles in

494



/

SUMMARY AND CONCL'ISIONS Research in Industry and Agriculture) and

under the sponsorship of ECSC (the European
The present study was mainly aimed to deter- Coal and Steel Community).

mine the influence of processing parameters
such as hot defoimation terperaur:, cooling REFERENCES

rate, coiling temperature and steel

composition on the incoherent-coherent preci- 1. Thermomechanical processing of micro-

pitation balance in HSLA steols. alloyed austenite, Proc. AIME Meeting,

The main conclusions may be summa- Pittsburgh 1981, Ed. A.J. DeArdo,
rized as follows : G.A. Ratz, P.J. Wray.

i. Strain induced precipitation is clearly

observed in Nb and Ti bearing steels, 2. DeArdo, A.J.; Gray, J.M. and Meyer, L.,
especially for deformation temperature Ninhium. Proceeding of the International

around 950BC. symposium, Niobium Products Co Ltd, Pitts-
2. Transformation induced precipitation is burgh 1981.

formed during cooling to room temperature

for cooling rates ranging between 4 and 3. Lebon, A. et al, Metals Science, 9, 36

10"C/s. (1975).

3. Strain and transformation induced preci-

pitations are assumed to be incoherent 4. Jonas, J.J. et al, Metals Science, 13, 238

with the parent metallic matrix. (1979).

4. Increasing the cooling rate results in a

decrease of tne transformation induced 5. Burke, M.G.; Cuddy, L.J.; Piller; 3. and

precipitation; in such ronditions, cohe- Miller, M.K., Combined APFIM-TEM study of

rent precipitation is now found in the Nb(CN) precipitation in HSLA steels..

saturated ferrite. For high coolin rate terials Science and Technology, vol. 4,

(20-80"CIs). as soon as acicular ferrite 113 (Feb. 1988).
or bainitic structure are formed, there
are some evidences that coherent preci- 6. J.C. Herman and V. Leroy, Tncoherent and

pitation does not appear anymore during coherent precipitations induced by hot

cooling down to room temperature. It is deformation and accelerated cooling in

assumed that the microalloying addition HSLA steels, Thermec 88, Tokyo, June 1988.

is retained in solid solution; this

effect appears more clearly in Ti-bearing 7. T. Gladman, D. Dulieu and I.D. Mc Ivor,

steel. Microalloying 75, M. Korschinsky et al,

5. Coiling at low temperature (600"C) of ac- Ed. Union Carbide Corporation, New York,
celerated cooled steels results in a very 1977.

efficient hardening due to coherent pre-

cipitation; this effect is more limited
in Nb steels as regards to Ti-steels. At

higher coiling temperature (680'C), the

hardening effect is lower due to the

formation of a secondary incoherent

precipitation.
6. In the experimented steels, the hardening

coefficient of coherent precipitates is

measured to be equal to 2200 or 3000

MPa/Z respectively for Nb or Ti-bearing

steels what seems to be in agreement with
theoretical prediction for such precipi-

tation.
7. As regards to steel composition, the Mn

content plays a very important part owing

its influence on the transformation tem-

perature which in turns influences the

amount of transformation induced
precipitation. Experimental data show in

addition that a low nitrogen content

decreases the incoherent strain induced
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EFFECT OF NIOBIUM ON THE FORMATION OF
M-A CONSTITUENT AND HAZ TOUGHNESS
OF STEEL FOR OFFSHORE STRUCTURES

Hiroaki Tsukamoto, Shigeru Endo, Masataka Suga Kazuaki Matsumoto
Steel Research Center Steel Research Center

NKK Corporation NKK Corporation
Fukuyama, Japan Kawasaki, Japan

Abstract especially in crack tip opening displacement
The effect of Nb addition on the mechanical (CTOD) test, has become severe recentiy. For
property in base metal and heat affected zone example, API RP 2Z2 ) prescribes the CTOD test in
(HAZ) of steel plates for offshore structures HAZ in preproduction qualification weldability
manufactured with TMCP process was investigated, test, where the fatigue crack should be placed in
Nb deteriorates rhp HAZ toughness in as-welded coarse-grain HAZ material for at least 15% of
condition through the formation of specimen thickness. It is already known that the
Martensite-Austenite (M-A) constituent. The toughness in intercritically reheated
toughness recovers with post weld heat treatment coarse-grain HAZ deteriorates greatly owing to
(PWHT). It is considered that the formation of the Martensite-Austenite(M-A) constituent formed
M-A constituent with Nb addition is due to in coarse grains') . Therefore the effect of Nb
lowering of transformation temperature with the on the formation of M-A constituent during
presence of solute Nb during welding. It is welding and on the HAZ toughness in weldment was
necessary to utilize Nb for the increase of investigated.
strength and toughness in base metal, especially
the strength after PWHT. Even small amount. of Nb EXPERIMENTAL PROCEDURE
(ex. 0.01%) is effective for grain refinement and
precipitation hardening. It is alo effective to Firstly, the effect of Nb contant on the
reduce Nb and carbon content (or carbon strength and toughness in base metal of TMCP
equivalent) for the prevention of the formation steel was examined. The chemical composition of
of M-A constituent. TS 500MPa grade (BS4360-50E steel tested is shown in Table I.
Mod.) steel plate manufactured with TMCP process They were melted with 150kg vacuum remelting
with the chemical composition of low C-Cu-Ni-low furnace in laboratory. Then they were reheated
Nb(0.ol%) has high strength and good toughness in at 1000C or 1100*C, and controlled rolled with
base metal, and also good toughness in HAZ of the rolling mill in laboratory. 70% reduction
submerged arc welding(SAW) with the heat input of below 820C (1000'C soaking) or below 850C
50kJ/cm. (1100'C soaking. was done, and rolling was

finished at 780'C with 25mm thickness. They
were accelerated cooled just after rolling with
the cooling equipment at the cooling rate of

AS ALREADY KNOWN') , Nb is effective for 4°C/sec. simulating the mid-thickness of 100mm
improving the strength and toughness of TMCP thick plate. Then tensile and Charpy impact test
steel because Nb delays the recrystallization of was carried out.
deformed austenite grains and leads to grain
retinement, and also has the precipitation Table I Cherical composition of TMCP steels
hardening effect with carbide or carbo-nitride. manufactured in laboratory for the test
So that, Nb is often used in linepipe steel, high of base metal wt.%
strength steel plates for shipbuilding, steel

plates for offshore structures with high strength C s wn P s Cu Ni Nb T, Sf At TN CW

and heavy gauge, and so on. 007 030 i49 0009 0001 020 041 0 0006 0027 00026 036

On the other hand, steel plates for i t $ 1 $ i S i % I
structures in deep sea and cold water, such as in 008 033 i 52 0012 0003 022 043 0033 ooo 0034 00036 038

Arctic Ocean, require high toughness not only in
base metal but also in heat affected zone (HAZ)
of welded joint. The criterion of HAZ toughness,
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Secondly, the effect of chemical composition
on the HAZ toughness was investigated. The
chemical composition of steel tested is shown in
Table 2. All of them are TS 500MPa grade steel
plates manufactured with basic oxygen

furnace(BOF) - continuous c'sting (CC) process. 5*C/sec
Steel A is a Nb free TMCP steel. Steel B and D
are TMCP steels with small amount of Nb E

(approximately 0.01%). Steel D has extremely low I- ,500C

carbon equivalent compared with other TMCP steels /sec
A and B. Steel C is a normalized one with 7sec
0.03%Nb. In order to investigate the effect of

Nb on the HAZ toughness with large heat input,
Charpy impact and CTOD test were carried out on Time
the weldment with submerged arc welding (SAW) at
lOOkJ/cm heat input. The groove is a single
bevel one as shown in Fig.l and the sampling Fig.3 Thermal cycle for the simulation of SAW

position of impact and CTOD test specimens is with the heat input of OOkJ/cm

shown in Fig.2.

Thirdly, Charpy impact test was conducted on
simulated HAZ with induction heating simulator. 1500 Fusion line
The thermal cycle is shown in Fig.3 which is Imm from fusion line

2nm fIrom fusiofl line
based on the cooling curve measured during SAW 3rm from fusion line

with the heat input of lOOkJ/cm as shown in

Fig.4. 1,\
Furthermore, M-A constituent was observed by -

scanning electron microscope (SEM) after
two-stage electrolytic etching ') and the area /''

fraction of M-A constituent was measured on

several photographs. E500

Finally, typical TS 500 MPa grade TMCP steel
plate with heavy thickness was, welded with

50kJ/cm heat input of SAW and CTOD test in
roarse-grair. HAZ was carried'out.

to 50 too 500

Table 2 Chemical composition of TS 500MPa grade Time sec
heavy thick steel plates for the test of

HAZ toughness wt.% Fig.4 Thermal cycle during welding (SAW, OOkJ/cm)

Stee C Si Mn P S Cu Ni Ti Nb CeqL
R  

m

A 007 030 150 0009 0001 0 19 036 0010 - 0356 TMCP

8 006 032 156 0008 0001 025 041 0007 0009 0364 TMC EFFECT OF NIOBIUM CONTENT ON THE MECHANICAL

C 010 040 155 0003 0002 0 17 027 - 0027 0384 Nor PROPERTY OF BASE METAL

0 006 032 1 45 0007 7r 026 036 0009 0007 0,343 TMCP Fig.5 shows the effect of Nb content and

slab soaking temperature on the strength and
CeqLR=C+Mn/6+(Cr+Mo+V)/5+(Cu+Ni)/15 toughness in base metal of

0.07/0.08%C-0.3%Si-1.5%Mn-0.2%Cu-0.4%Ni steel
(Table 1) controlled rolled and accelerated

cooled in laboratory. Both of strength and

toughness increase with Nb addition, even with
the content of 0.01%. Nb is especially effective

35. LLnm to minimize the reduction of strength after PWHT.
15mm OF - 7 It is supposed to be due to precipitation

3011m, V,, hardening by Nb carbide. The strength and
toughness level ocf with 0.01%Nb addition
(1000"C soaking) or 0.02%Nb addition (1100°C
soaking).

Fig.l Groove configura- Fig.2 Sampling position The microstructures with 1000*C soaking are
tion for SAW of impact and CTOD shown in Fig.6. Microstructure of Nb free steel
weldment test specimens is composed of relatively coarse ferrite and

pearlite. On the contrary, Nb added steel

shows fine grains of ferritic and pearlitic
structure, and small fraction of bainitic

strULLuLe. The microstructure of 0.03% Nb steel

is extremely fine.
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The reduction of softening after PWHT with The toughness with 1000°C soaking is better
Nb addition is supposed to be owing to than llO00C soaking due to grain refinement by
precipitation hardening which compensates the unresolved precipitates which have pinning effect
softening with the tempering effect of bainitic on austenite grain boundaries during slab
structure. The saturation of strength and soaking.
toughness with 0.01% Nb addition (1000C
soaking) or 0.02% Nb addition (11O

0
C soaking) MICROSTRUCTURE AND TOUGHNESS IN HAZ OF SAW

above mentioned can be explained with the solute WELDMENT
Nb content during soaking before rolling which is
calculated with the solubility product of Nb(CN) Microstructures in HAZ with SAW at the heat
by Irvine. input of l00kJ/cm are shown in Fig.7.

log%NbJ[%(C+12/14N)]=-6770/(T°C+273)+2.26 Microstructures on the fusion line of steel A (Nb
... (I) free TMCP steel) and steel D (TMCP steel with

That is, solute Nb content is estimated to be 0.01% Nb and low carbon equivalent) are composed
approximately 0.01% (at 1000C) and 0.025% (at of upper bainite and ferrite on grain boundary.
1100°c). Those of steel B (TMCP steel with 0.01% Nb) and

steel C (normalized steel with 0.03% Nb) are

-60 mainly upper bainite. Microstructures 3mm
distant from fusion line of steel A, C and D are

000*C Soaking I100*C Soaking ferrite, pearlite and a small fraction of
1j 80 bainite. On the contrary, that of steel B is

ferrite and bainite. Microstructures 5mm distant
too from fusion line are ferrite and pearite, which

-l are almost the same as those of the base metal,< - 120
Le but is supposed to have been reheated to a +

region from the temperature measured during-140 welding with the same welding condition.

Open As TMCP FATT in Charpy impact test and CTOD value at

Solid PWHT -10*C in HAZ with SAW are shown in Fig.8 and
Fig.9. The toughness on the fusion line of all

600 the tested steels is the worst among all the test

position. The toughness becomes better as the
- test position is apart from the fusion line.

TS Among the tested steels, normalized steel C
500 " with 0.03% Nb has the lowest toughness and TMCP

steel D with 0.01% Nb and low carbon equivalent
I has the best toughness.

----- F ,Ine velation between Nb content and the
>- 400 YS YS toughness on the fusion line is shown in Fig.10

/ and Fig.lL. The increase of Nb addition enlarges

the deterioration of HAZ toughness in as-welded
condition. The toughness in Nb added steel

300 recovers with PWHT. TMCP steel D containing
0 0.01 0.02 003 0 001 002 003 0.01% Nb and low carbon equivalent has rplatively

Nb Content w? % high toughness even on the fusion line in

as-welded condition. There is no apparent
Fig.5 Effect of Nb content on the mechanical correlation between Nb content and the toughness

properties of base metal of TMCP steel at the position 3mm and 5mm Jistant froks the
plates (simulation of 100mm thickness) fusion line.

Mb free 0.011% N6 0.033 % Nb

Fig.6 Effect of Nb content on the microstructure of TMCP
steel (manufactured i laboraLuLy, iuuW°C soaking)
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0Z

<o 0

0 12 3 4 5 - 9

Distance from fusion line

Fig.8 FATT in l-AZ of SAW we Idment Distance from fusion line
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(lOOkJI"m, As welded)
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The fusion line of steel B and C which have low
TOUGHNESS IN 3i,.iULArED HAZ toughness contain relatively high fraction of M-A

constituent and steel A and D have oaly small
Fig.12 shows the effect of peak temperature fraction of M-A constituent. The area fraction

on the hardnes', and totghness of simulated HAZ. of M-A constituent reduces as the position is
Peak temperrcure 1350, 900 and 800°C correspond apart from the fusion line. Although steel A,C
t., fusi. 'Ine, 3mm and 5mm from the fusion line and D contain little M-A constituent at the
of SAW weidment respectively (Fig.4). position 3mm distant from the fusi n line, M-A

The toughness after 1350°C reheating is the 'onstituent is still observed at the position 5mm
worst and it becomes better as the peak distant from the fusion line of steel B.

temperature decreases. On the other hand, Furthermore, the effect of the area fraction
normalized steel C has the lowest toughness alter of M-A constituent which was measured on SEM
1350'C reheating. Those tendencies are the same photographs (Fig. 13) on the HAZ toughness of SAW

as those in SAW weldment as above mentioned. weldment is shown in Fig.14. There is the
evident tendency that the toughness decreases as

M-A CONSTITUENT IN HAZ the area fraction of M-A constituent increases on

the fusion line and also at 3mm distance from the
Microstructures with SEM after two-stage fuston line. On the other hand, there is no

electrolytic etching in SAW weldment are shown in correlation between M-A constituent and tottghc,-ss
Fi .13. White regions which are scarcely etched at 5mm distance from fusion line where all the
are supposed to be M-A constituent and deeply ,teels show relatively high toughness.

etched region is supposed to have contained M-A constituent is supposed to be decomposed
cementite before etch ing ) . Other regions are during PWHT because it is scarcely observed after
in f.-rrite grains. PWHT.

A Low Ceq steel (D)

225- --...---
D/

.5 7 C L -"

SA 200
U- 0 0

Open As welded
100, Sold PWHT _

S (600C x 4hr) )5.

o 061 002 063

Nb %:.
15C -
0.

Fig. 10 Relat ion between Nb cont ,nt .nd tho - -

ttughness )tl the fusion line of SAW - --

lOkJ/cm, As welded and at t,r PWHI

-50 .

In-.

A D
5i 9 0 ,o

L
_. . . .

800 000 !200 1400
PeO temperoiure C

E

Ott 'i Fig. 12 Effect of peak t, ,i- ratutr, on tho hardness
o _ and toughness in simulat ed HAZ

oo5 -- (simulation of lOOkJ/cm, As welded)

u oot 002 003

Nb %

Fig.ll Relation between Nb content and the CTOD
value on the fusion line of SAW
(l0OkJ/cm, As welded)
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RESULT OF FJLL THICKNESS CTOD TEST IN TPE HAZ DISCUSSiON

OF TMCP STEEL

EFFECT OF NIOBIUM ON M-A CONSTITUENT - In
As above mentioned, small amount of Nb order to assertain the effect of Nb on M-A

(0.01%) in TS 50OMPa grade TMCP steel is constituent, additional test was carried out.
effective for the strength and toughness in base The relation between Nb content and area fraction
ratal, and the deterioration of HAZ toughness is of M-A constituent in simulated HAZ is shown in
relatively little compared with further addition Fig.15. The area fraction of M-A constituent
of Nb (0.03%). So, the HAZ toughness of heavy grows as Nb ?ontent increases in 1350C reheated
thick (100mm) TMCP steel plate with the sample which simulates the fusion line of SAW
composition of low C-Cu-Ni-0.0%Nb was tested. weldment. However the area fraction of M-A
The chemical composition is shown in Table 3. constituent does not necessarily increases as Nb
They hr-a high strength and good toughness as content increases in 900 ~1200'C reheated
shown in Table 4. SAW was performed with the samples.

edge preparation of single bevel and the heat Then solute Nb content in simulated HAZ of
input of 50kJ/cm which is the typical condition steel B (TMCP steel containing 0.01% Nb) and
of weldability test of steel plate for offshore steel C (normalized steel containing 0.03% Nb)
structures. Then CTOD test in coarse-grain HAZ was examined with electrolytically extracted
was carried out according to BS 5762 with Bx2B residue. Although steel C contains higher solute
type specimen. Test result is shown in Table 5. Nb content after 1350C reheating than steel B,
Seven specimens among eight contain coarse-grains it shows lower value after 900 ~1200'C reheating
(larger than grain size No.7) and five specimens in spite of higher Nb addition as shown in
contoin more than 15% region of coarse-grain HAZ. Fig.16. Although measured values of solute Nb in
Low C-Cu-Ni-0.0%Nb steel has good weldability both the steels are lower than the calculated one
because all the CTOD values are high enough as with eq.(l), measured value in steel C is
shown in Table 5. extremely lower than the calculat- one. It

arises from that the equilibrium Ls not realized
during welding. It also suggests that Nb carbide

Table 3 Chemical composition of TS 500MPa grade in normalized steel is large in size and thermaly
heavy thick steel plate manufactured with stabilized compared with TMCP steel.
TMCP process for the full thickness CTOD
test in HAZ wt.,/ ' 0 - - .I

<In' 900.c
C S, Mn P s C. N, Nb T, Sol At TN 

006 015 I 55 0004 0001 025 044 00 0 0009 0040 00040 0
~50 AB 1

__ 0
S 350"C 1200"C 0 ,,O0"C

Tab Le 4 Mechanical propert ies of T5 500MPa grade 00010020030 00100200300010020030 0 002003

TMCP steel plate for the evaluation of Total No %
CTuD value in HAZ

Fig.15 Effect of Total Nb content on the
...de.Plate W 'YS TS El vE go vE-6o vE-.o FATT toughness in HAZ of SAW weldment

Grade th PWHT ~ % J cM ----- M(Simulation of lOOkJ/cm, As welded)
8S4360 none 445 524 371 312 342 382 -90

50E- Mod 600-C,4ht 426 509 381 315 335 380 -81
003 -

0 Steel 3 (0009%NbTMCPI

& Steel C (0027%Nb.Nor)

Table 5 CTOD test results in coarse-grain HAZ of open calculated
SOld obse'ved

TS 50OMPa grade TMCP steel plate 0o2 0

R iOo of
Pwi, Test Tes cOte-qroln A? %, C'hcol CTO Mode A

temp *C No (groin sze NoC 7 ) value mm 0

1 22 190 No break

2 082 U

3 9 >191 I No break * • A . -

4 10 143 0 - --n -I0 ' A A •

5 23 >183 No break
47 • s89 'NObrek 0L- -- -A - ---- -

As 900 o000 1100 1200 f300 1400
7 16 090 f U RecelO Peak temperoture C

8 21 073 U

According to BS 5762 Fig.16 Relation between peak temperature and

Test specimen- 8 X 28 solute Nb content in simulated HAZ
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Fig.17 shows the relation between solute Nb In order to ascertain the effect of

content and area fraction of M-A constituent in transformation temperature on the formation of
simulated HAZ, which shows the good correlation M-A constituent, thermal cycle for the isothermal
between those two factors among all the tested transformation (shown in Fig.20) was conducted on
temperature region. 4 steels A,B,C and D using thermal induction

As above mentioned, the area fraction of M-A simnulator. Microstructures with optical
constituent increases e" the solute Nb content microscope and SEM are shown in Fig. 21 and

increases after 900 -135
0
'C reheating. In Fig. 22. All the tested steels are composed of

addition, solute Nb content is influenced not upper bainitic structure, and all the steels
only with added Nb content and reheating including steel A (Nb free) contain great deal of
temperature during welding, but also with M-A constituent. FATT in Charpy impact test
manufacturing process of steel plates after the thermal cycle above mentioned
(i.e. TMCP or normalization). (isothermal transformation) is above -10°C and

the detrioration of toughness is very large.

MECHANISM OF THE FORMATION OF M-A Fig.23 shows the effect of transformation
CONSTITUENT WITH NIOBIUM ADDITION - One possible temperature and FATT in Charpy impact test in
explanation for the formation of M-A constituent both the SAW weldment and simulated HAZ. The
with Nb addition is the increase of toughness is simply determined by transformation
hardenability. Fig.18 is the CCT diagram for temperature irrespective of Nb content.

welding in steel A and B. Although the critical As above mentioned, addition of Nb decreases
cooling rate for ferrite formation is almost the the transformation temperature during welding.
same, steel B which contains 0.01% Nb and almost It increases the area fraction of M-A

the same carbon equivalent as steel A shows lower constituent, and accordingly the toughness is
transformation temperature than Nb free steel A. deteriorated. So that the chemical composition
Fig.19 shows the effect of solute Nb content on should be carefully chosen in order not to
the transformation starting temperature in decrease the transformation temperature, for
simulated HAZ (peak temperature is 1350'C). The example selecting the composition with low carbon
transformation starting temperature decreases equivalent and low Nb content.
linearly with the increase of solute Nb. Roughly

speaking, hatched region in Fig. 19 (500 -600C)
is approximately the region where M-A constituent

is formed 5) ). 700 0

_--- 0_ 0 5°
C/sec

S ,% I 7C 600

0 /L AIO0 C/sec

o0 / / 500
0 1350'C 1200 C 0 1O1 0*C,

0 001 0 001 001 0 001 0t 400 _
0005 0015 0,005 0.015 0005 0015 0005 0015 0 0005 0010 0015

Solute Nb %
Solute Nb %

Fig. 17 Effect of solute Nb content on the M-A
constituent in simulated HAZ Fig.19 Effect of sclute Nb content on the
(simulation of lOOkJ/cm) transformation starting temperature

(1350°C reheated)

900

Bo0 Steel A 115 *

Steel B - - 350°C
700

600 
_.

-00 600*C
-I 5 °C/sec

~400 Trasformation 500*C
start HeO

300 i
200--- .--.

..... . . . 0Time1 0 I02 I01 10.

T,me sec Fig.20 Thermal cycle for the isothermal

Fig.18 CCT diagram for welding (13500 reheated) transiormt ion with thermal induction
simulator
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Steel A (MCP) Steel C Nr.IONb _________

(TMCP)
-. . -, i,.. Steel A SteelI ___________________

Stee BW (( N-o-3N

Steel B 1 Nb) Steel D (C - -00 (b) tel TMCP S elD TMCP, low Ceq)
(Cu_____________u- -__0_0__ 1__

w'

n .~j

Fig.21 Microstructures with optical microscope Fig.22 Microstructures with SEM after isothermal
after isothermal transformation as shown transformation as shown in Fig.20
in Fig.20 (two-stage electrolytic etching)

0~'

0

A- SAW(lOOkJ/cm) S
LL -40- 0 Simulation

open Nb added!
-solid Nb free

-60
500 600 700

Tronsformation temp Tc

Fig. 23 Effect of transformt ion starting
temperature on the HAZ toughness
(SAW and simulation)
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CONCLUSION

1) Even the small amount of Nb (for example
0.01%) is effective for the increase of
strength and toughness in base metal of TMCP

steel, especially the strength after PWHT.
2) The toughness on the fusion line in as-welded

condition is deteriorated with Nb addition.
However it recovers with PWHT.

3) The toughness on the fusion line is mainly
determined by the fraction of M-A
constituent. It decomposes with PWHT.

4) The formation of M-A constituent with Nb
addition is due to lowering of transformation
temperature with the presence of solute Nb
during welding. Even in the case of Nb free
steel, when the transformation starts at low
temperature (500 ~600*C) with isothermal
heat treatment, M-A constituent is formed and

the toughness is deteriorated.
5) The amount of solute Nb is affected not only

by total Nb content but also by the

manufacturing process.

6) It is necessary to utilize Nb for the
increase of strength and toughness in the

base metal of TMCP steel. It is also

effective to reduce C and Nb content for the
prevention of M-A constituent in HAZ in

as-welded condition. TS 50OMPa grade TMCP
steel plate with the chemical composition of
low C-Cu-Ni-low Nb (0.01%) has high strength
and good toughness in base metal, and also
high CTOD value in coarse-grain HAZ with SAW
of 50ki/cm heat input.
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THE EFFECT OF SMALL AMOUNT OF NIOBIUM
ON THE PROPERTIES OF STEEL C-Mn-Ti

Wang Entao, Liu Rencai
Institute of Iron & Steel Research

Anshan Iron & Steel Complex
Anshan, PR.China

Several research workillave shown that

addition of small amount of Nb has beneficial

ABSTRACT effect to the strength and toughness to the

Ti-hearing HSLA steel. Experiments have been

The effect of Nb-microalloying in the C- conducted by us in the addition of small a-

Mn-Ti HSLA steel has been studied after nor- mount of Nb to the Ti-bearing HSLA steel. The

malizing treatment. It was found that the result indicated that the small amount of Nb

ferrite grains were further refined, resul- improved the properties of Ti-bearing steel

ting in stabilizing the mechanical properties really, making them more stable. This addi-

and improvement of impact toughness. In the tion of Nb has been used already in the pro-

meantime the coarsening temperature of aus- duction. The experiment work with regard to

tenite grains was raised and dynamic recrys- this subject will be described in this paper.

tallization in the steel was retarded.

EXPERIMENTAL MATERIALS

INTRODUCTION

The experiment work consists of two

The C-Mn-Ti HSLA steel has been produced parts. In the first part, the laboratory

for a number of years and found wide applica- work, the steel studied was melted in the in-

tions in the industries of automobiles, ship duction furnace of medium frequency, cast in-

building and engineering machinery. It was to ingots of 50 kg. The chemical compositions

found, however, that the properties of this are given in Table 1, After reheated at 1200

steel were very sensitive to the variation of C, the ingots were rolled into plates of 10

temperature and not very stable, bring diffi- and 16 mm thick with finishing temperature of

culties in production, as well as their ap- 1000°C. The plates were normalized at 950"C.

plications.

Table 1. Chemical compositi3ns of experimental materials(Wt%)

Steel C I Mn S P Ti Nb Ne
A 0.09 0.31 1.417 0.012 0.012 0.16 0.007

B 0.09 0.33 1.42 0.020 0.014 0.16 0.02 C).006
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In the second part of experiment work, the

steel was made in the top blowing oxygen con-

verter of 150 t in our steel-smelting shop, "P

cast into ingots of 10.6 t, which were rolled -. 0

into slabs of 120 mm thick and subsequently Y

rolled, after reheated at 1300"C, into plates , - '" " ,"

of 10-16 mm thick. The final products were . ... .

normalized at 950"C also. • .-. -

EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 1 - Microstructures of the normalized

THE EFFECT OF SMALL AMOUNT OF Nb ON THE MI- specimens of steels A and B.

CROSTRUCTURES - In the microstructures of the

hot-rolled plates of both steels A and B, the dislocation density in the grains of the hot-

ferrite grains were of irregular shapes and rolled steel B was lower than that of steel A.

different sizes, with uniform distribution of Most of the second phase particles were of

pearlite colonies. The grain sizes of ferrite the complex ones (TiNb)(CN), while few of

in steel A, ranging ASTM No. 7-8, were some- them of sizes 3-30 rnm belonged to Ti(CN) and

what greater than those in steel B, being Nn. Nb(CN). Lower density of dislocations was in

8-9. the grains of normalized specimens with se-

In the microstructures of the normali zed cond phase particles growing larger, being

specimens, the ferrite grains were of rt ular 8-30 nm.

shapes with a few amount of pearlite, ,, shown MECHANICAL PROPERTIES - The mechanical

in fig. 1. The grain sizes of ferrite in steel properties of the hot-rolled and normalized

A, ranging ASTM No. 8-9, were still greater specimens of steels A and B melted in labora-

than those in steel B, being No. 10-11. tory are given in Table 2. From the data of

The observations under TEM indicated that this table, it can be seen that the strength

there were dislocations of high density in the of the hot-rolled steel A is somewhat higher

grains of the hot-rolled specimens of steel A, than that of steel B, while the ductility of

with the Ti(CN) particles of sizes about 5-20 the former is lower than that of the latter.

nm distributed on the dislocation lines. Dis- This fact means that the addition of small

locations of lower density occurred in the amount of Nb improved comparatively the com-

grains of normalized specimens with Ti(CN) bined properties of the hot-rolled steel. The

particles, which grew larger about 10-30 nm data of the normalized specimens show that the

distributed uniformly within the grains. The addition of small amount of Nb does not in-

Table 2. The mechanical properti,-s of test :t*cels

:;teel Condition Thickness J i kIv J/cmn rain size
____________ (mmn) (N/nf (N/ne () % (-4cC) tAST14 No)

A hot rolling 10 670 815 20.5 49.5 2.5 8
B hot rolling 10 565 715 21.5 62.5 5.C 9
A hot rolling 16 590 720 20.5 60.5 2.5 7
P hot ro'lln 16 550 710 21.5 64.5 4.0 8
A normalizing O 0 950 325 75.0 9
B normalizing 10 395 5,0 53.0 75.0 85.0 11
A normalizing 16 395 505 13.0 68.0 85.0 8
B normalizing 16 410 505 51.0 71.0 45.0 10
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r.bi. 1. rh chemical COMpOsitiOns and the ariations in mechanical

rOPoertits of the steels mad. in the steel smolttfl shop

St.1 Chemical compositions (Ut%) Jariation$ in mechanical ProPert,.s

C . Ti N b A 5 ; a ,J."(4'I 'Mpa) MOPa

TSteel )Q-01 0.8-1.6 0.010~0 0.08-0.20 85 s0 12-50

Ti-Nb Steel .. 07- .14 0.8-1.6- 0.010-0.030 0.08-0.2) 40.04 55 50 42-109

crease the strength of the steel, but raises

the toughness and lowers the ductile-brittle

transition temperature. This is due to the V -Mnt t,

effect of grain refinement caused by the 0 -o - - te-i_

small amount of Nb.

The amount of steel made in the steel

plant reached 700 t already. The ranges of

chemical compositions and the variations in ,' 4

lhe mechanical properties are shown in Table . / o/

3. ~,,
The addition of small amount of Nb re-

duced the variations of the mechanical pro-
900 1000 1100 1700

perties of Ti-bearing steel, making them more

stable. As will be discussed in the following,

this was related to that during the normali- Fig. 2 - The relationship between the

zing treatment the complex (TiNb)(CN) parti- grain sizes of austenite and

cles were dissolved and coarsened not so ea- reheating temperatures.

sily and their sizes are kept more stabili-

zed. sociated with the influence rendered by the

THE EFFECT OF TIIE DISSOLUTION AND COAR- dissolution and coarsening property of the

SFNING OF CARBONITRIDES ON THIE GROWTH OF AUS- carbonitrides of Ti an Ti-Nb.

TENITE GRAINS - The microalloying HSLA steels The coarsening behavior of austenite

are characteristic essentially with their mi- grains of steels A and B appearing as abnor-

crostructures of fine grains, ensuring a good mal grain growth was different from that of

combination of strength and toughness. In or- the C-Mn HSLA steel, which belonged to the

der to obtain the microstructures of fine normal grain growth. With increasing reheat-

grains all stages and process variables du- ing temperature the grain growth of the aus-

ring hot rolling should be controlled care- tenite in steels A and B appeared disconti-

fully after proper alloying design of the nuous and There existed a coarsening temper-

steel, such as the reheating of slabs, the ature of grains, Tc. Below this temperature

rolling temperature, number of rolling pas- almost no grain growth of austenite was ob-

ses, the amount of deformation of each pass served with increasing temperature. Even the

and the finishing temperature. First of all soaking time reached 10 hrs, no distinct

it is of necessity to study under the labora- grain growth of austenite occurred. These ap-

tory conditions, the fundamental behavior of peared mixed grains consisting of different

coarsening of austenite grains, which are as- quantities of different sizes when the re-
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Table 4. The coarsening temperature of the test steels
Steel Coarsening temperature Temperature r nge of Growing into coarse

A of austenite grains('C) ixed grains('C) polygonal grains('C)

A 1100 1100_-1200 > 1200

B 1150 1150-1250 ,.1250

heating temperature (holding for 30 minutes)

was within the range of 100 -C above Tc. At * ooo

first, a part of austenite grains began to A c- . ,T_ St.l

grow with the large grains extending to con- 40Coo St

sume the small grains. It is worth noting /
that the coarsening temperature of austenite 3000

grains of steel B was higher than that of / /
stel A by 50"C as shown in Table 4. 0oo /

The mean sizes, interparticle spacings *i,

and volume fractions of the Ti- and Ti-Nb- 0 /

5 . .. -CO 1000 1100 1200

f A -Mn-T1 steeil / I ceating Te.perlL lre c,

Fig. 4 - The relationship between the

Jo// mean interparticle spacings

and the reheating temperatures.

dissolving and coarsening of Ti- and Ti-Nb-

'0or carbonitrides at temperatures below 1100"C

for steel A and 1150 C for steel B respec-

A: 1000 100 2 .... ...0..0. . .

'ePneating ?oepeasua C.

Fig. 3 - The relationship between

the mean sizes of carbon- .•

itrides and the reheating

temperatures.

carbonitrides in steels A and B at different .

reheating temperatures (holding for 30 minu-

tes) have been determined by means of carbon Fig. 5 - The distribution of Ti- and

replicas on electron microscope and quantita- Ti-Nb-carbonitride particles

tive metallography. The results of determina- of steel B at reheating tem-

tion are shown in figures 3 and 4. It could peratures 1000 C (A), 1100 C

be seen from the figures that the rates of (B) and 1200"C (C).
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tained under TEM and by quantitative metal-

logrephy.

The discontinuous behavior of the grain

growth of austenite, which was different from

that of C-Mn HISLA steel, of steels A and B in

the reheating temperature range 900-1250"C

and the occurrence of a coarsening tempera-

ture can be attributed to the pinning of the

austenite grain boundaries by the dispersive

carbonitrides existed in the steel.(2
- 6)

In the case that the pinning force was

Fig. 6 - Identification of (Ti,Nb)4 (CN)3  less than the force of miaratinn of grain

particles, (A) electron diffrac- boundary (activation energy, etc), the grains

tion pattern, (B) energy disper- started to grow rapidly. Under constant value

sive spectrum. of volume fraction of the second phase parti-

cles, the pinning force, instead of depending

tively was quite slow, while these rates be- on the critical radius of the particles, was

came very rapid above these temperatures, actually controlled by the critical interpar-

The distributions of Ti- and Ti-Nb-carboni- ticle spacings and the density of the parti-

trides of steel B at reheating temperatures cles. The dense distribution of the second

1000, 1100 and 1200"C (holding for 30 minu- phase particles inhibited the migration of

tes) are shown in fig. 5. grain boundaries. Observations of steels A

It should be pointed out that the onset and B in the temperature range 100 *C above Tc

temperature of rapid dissolving and coarsen- under TEM indicated that not only the second

ing of Ti- and Ti-Nb-carbonitrides of steel phase particles were dissolved and coarsened

B has been raised, as compared with that of rapidly, but their grain sizes and distribu-

steel A, by 50°C. The complex Ti-Nb carboni- tion became quite inhomogeneous. Thus it ap-

trides of steel B have been identified as the peared that the particles were dense in some

ordered phase (Ti,Nb)4 (CN)5 by means of elec- micro-regions, where the growth of austenite

tron diffraction and energy dispersive spec- grains were impeded, and rare in other re-

trum analysis. gions, where the austenite grains were able

According to the theory of the effect of to grow, resulting in mixed grains. It was

second phase particles on the grain growth of also observed that the second phase particles

austenite, the critical radius of the parti- in steel B appeared denser and smaller than

cle is given by in steel A at the same reheating temperature

6IRof ( 3 2 )-1 (1100"C). This might be attributed to the

-Crafi r 2 Z -slow coarsening rate of the complex (Ti,Nb)

For steel A at 1100*C, fA- 0 .1 6 %, Z=3.O, and (CN) particles of steel B, as compared with

steel B at 1150 'C, fB=O.17%, Z-3.O, the va- that rate of the Ti(CN) particles of steel A.

lues of critical radii of the particles in That is the complex (Ti,Nb)(CN) particles

steels A and B calculated from this expres- were more stable than the Ti(CN) particles.

sion were 30 and 40 nm, and those of the in- This explains why the coarsening temperature

terparticle spacings are 600 and 700 nm res- Tc of austenite grain of steel B was higher

pectively. These calculated values were al- than that of steel A by 50 C.

most coincident with the observed data ob-
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ed. (7 ) We have observed the distributions of

I0 zoo Ti(CN) and (Ti,Nb)(CN) particles resulting

from strain-induced precipitation in the

X -rn o.. steels A and B, under TEM in detail. The ob-

1300 A C-Mn-T, S1..1 servations indicated that it appeared a part
U C-Mn-T,-Nb Stt of dispersed particles arisen from strain-

*induced precipitation in the temperature

o000 range of 900-1100"C, especially in that less

than 1000 'C. These precipitated particles has

the influence of retarding the recovery and

- -. recrystallization in steels A and B. There-

fore, the retardation of dynamic recrystalli-
1) 0 01) 100 200 4)0 600 zation in steels A and B arose primarily from

the precipitation of Ti- or Ti-Nb particles,

Fig. 7 - Dynamic RTT curves of C-Mn and the solute atoms had only secondary ef-

steel and steels A and B. fect.

THE EFFECT OF Ti- AND Ti-Nb ON DYNAMfIC CONCLUSIONS

RECRYSTALLIZATION - The experiments of dyna-

mic recrystallization was conducted on the (1) The addition of small amount of Nb

GLEEBLE-1500 testing machine. The specimens to the C-Mn-Ti steels after normalizing treat-

of t8X12 were heated to the austenite temper- ment gave rise to the refinement of grains,

ature 1250°C for 5 minutes, cooled to testing stabilizing the mechanical properties and

temperature within 35 s, kept isothermally improvement of impact toughness at low tem-

for 30 s and subsequently compressed in the peratures.

temperature range of 900-I100'C with the same (2) The rise of the coarsening tempera-

strain rate 10- 3/s and a total amount of re- ture of austenite grains by 50*C in the C-Al'--

duction bO6%. The flow curves a-E were recor- Ti steel added with small amount of Nb can be

ded automatically. From the data obtained the attributed to the precipitation of complex

dynamic RTT curves were plotted, as shown in (Ti,Nb)(CN) and the increase of the stability

fig. 6. It could be seen from the figure that of carbonitride particles.

the addition of Ti or Ti-Nb to the C-Mn steel (3) The retardation of dynamic recrys-

resulted in retarding the dynamic recryctal- tallization in the C-Mn steel added with Ti

lization. It is worth noting that the addi- or Ti-Nb, especially in the temperature range

tion of small amount of Nb somewhat retarded less than 1000C, arose primarily from the

dynamic recrystallization so that the RTT strain-induced precipitation of Ti- or Ti-Nb-

curve moved towards the right side. In the carbonitrides and the solute atoms had only

low austenite temperiturc range, this retar- secondary effect.

ding effect appeared more distinct. At pre-

sent there is still dispute on the question REFERENCES

whether the retarding effect on the recrys-

tallization of austenite by Ti or Nb is due 1. J. G. Williams, Conf. Proc. of Int.

to the solute atoms or the precipitated par- Conf. on "Technology and Applications

ticles. It is reported in literature that the of HSLA Steels", Philadelphia, 2bl-

PTT curve of Ti(CN),Nb(CN) has been determin- 274 (1983).
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DEVELOPMENT AND INVESTIGATION
OF TITANIUM STEELS

He Yongkang
Department of Science and Technology

Anshan Iron and Steel Complex
Anshan, Liaoning, PR.China

Kk

ABSTRACT i600 T

1700

On the base of producing high-titanium steels

(0.lTi), low-titanium and micro-titanium 1600 T

steels have also been developed by Anshan 
/500

Iron and Steel Complex in recent years. In- /4/01

vestigations have shown that even if the ,0O i

weight of ingot exceeds 10 tons, the size of 1200T,

TiN particles can still be controlled in the ..,co

range of 10-50 nm. Thereafter, controlled loco

cooling Ti-bearing reinforcing bars and steel /

strips produced by recrystallization control- 
q goo

led rolling process (RCR) were developed, and ,99, 552 111 1q4 Is W '517

the combined adding of Nb-Ti was also inves- Fig. 1 - Annual output of IHSLA steels

tigated.

Vanadium steels: 14MnMoV steel for ves-

sels and 15MnVN steel were developed in the

sixties, and in recent years, vanadium steels

AS EARLY AS 1957, the first IISLA steel of our have been well expanded. The largest bridge

country-1 6Mn(ST52) was trial-produced by of our country-Changjiang Bridge across Jiu-

Anshan Iron and Steel Complex (AISC). In the jiang River is speeding up in the constructioa

sixties, micro-alloyed steels-niobium steel, today and the main components are all made of

vanadium steel and titanium steel were fur- 15MnVN provided by AISC.

ther developed. Thereafter in the eighties, Niobium steels: 18MnMoNb steel and

the National Science and Technological Com- 4OknMoNb steel were also developed in the

mission decided to reform AISC to a base of sixties, but owing to ferroniobium is rather

HISLA steels of our country, hence the produc- expensive in our country, the development of

tion of HSLA steels of AISC increased rapid- niobium steels are restricted. Since AISC co-

ly (fig.l). operated with CBIMI, niobium steels began to
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develop rapidly, and the applying of niobium ring pouring, and also due to the other pro-

in high-carbon steels and low-carbon steels blems such as titanium attenuation, low-tita-

have all advanced significantly. nium and micro-titanium steels and Ti-Nb

Titanium steels: AISC began to add mi- steels were developed in recent years and all

cro-Ti (40-03%) into 16Mn steel in the early have advanced considerably.

of 1960 in order to promote grain-refinement

and improve the properties of toughness and

weldability, and the first microalloying

steel of our country-l5MnTi was successfully scco

developed for the use in ship-building. Since

1973, a series of titanium steels represented -

by lOTi, including ObTi, 15Ti were developed 6 O

to meet the demands of high-strength formable

steels in automotive industry (fig.2). and a

5cc"c

)?CCC }

Fig. 3 - Curve of annual output

of titanium steels

2c:

Ti-BEARING REINFORCING BARS

The TR 2 Ti-bearing reinforcing bars are

produced by the Temp-Core controlled cooling

technique. The TiN particles sizes of 10-50
. ,,1 ,6 . ,' ; ' , , .nm in TR2  reinforcing bars can restrict the

Fig. 2 - Annual output of low-carbon, low- growth of austenite grains, retard the re-

manganese and titanium steels crystallization and refine ferrite grains. In

addition, the Ti(C,N) particles can strength-

series of Mn-Ti steels represented by 13MnTi, en the ferrite matrix. After Temp-Core pro-

including 15MnTi for the use of mobiles and ceasing, dilferent micro-structures are for-

engineering machinery. All these steels a- med across the section of TR2 reinforcing

chieved good results and millions of trucks bars, resulting in phase-transformation

manufactured of titanium steels are running strengthening (fig.4).

throughout the country. The annual output of According to formula lIW, the Ceq" of TR,)

titanium steels of AISC was nearly 100 thou- steel is 32.3, and that of 20inSi steel, a

sand tons last year (fig.3). However, owing traditional reinforcing bar steel used in

to the fact that titanium steels (about 0.1% China, is 4.3. This means that titanium will

Ti) are easy to block up the sprue gate du- shift the nose cone of CCT to the shorter du-
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A

ing (about 20 C/s) have better properties

than that of the air-cooled strips,e.g., D

reduced from 10 jim to 6.7-7.8 pm; 0s increas-

-i ed by 98 MPa, and the banded structures have

a 'almost been eliminated (fig.5).

Fig. - Different microstructures

on the section of TR2 Fig. 5 - Microstructure of 09MnVTiN

reinforcing bars, 50A steel plates, 5 mm thick,

(F+11), D=7.8 un, 500 Y

ration time and hinder the formation of mar-

tensite, and resulting in the martensite of Investigations indicated that there are

the outmost layer is less. This part will be four types of second-phase particles in the

squeezed to the convex positions of the weld Mn-V-N-Ti steel:

during butt-welding and this will improve the a. Tiny TiN particles- of which the siz.es

weldability of reinforcing bars. Since aging can be controlled in the range of 10 to 50) pm

of reinforcing bars is caused by nitrogen, (fig.6) even if the weight of ingots exceedIs

therefore, adding element which bears strong 10 tons. The temperature of austenitt, grain

combining capacity with nitrogen into rein-

forcing bars will decrease the sensivity to

natural strain aging. The back-bending tests

of TR 2 reinforcing bars after aging were all

qualified, and the fatigue properties of TR 2

were better than that of 20kfnSi steel, the

1-1/0-b of low-eoele fatigue of the former is

0.52, while that of the latter is 0.4 5. The • "

production cost of TR2 reinforcing bars is

lower than that of 20MnSi due to the save of

Mn-Si alloys. Now TR2) steel have been mass-

produced and applied in many important eng-

ineerings.

RFKRYSTALLIZATION CONTROLLED ROLLING

OF Un-V-N-Ti STEEL

Strips of Mn-V-N-Ti steel containing

0.09%C have been produced in batch~es. Strips Fig. 6- Ti(C,N) particles

produced by RCR followed by controlled cool-
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coarsening will be increased. The equi-axial The strips are produced in batches and

ferrite grain sizes less than 10 um can be supplied to the automotive industry and eng-

obtained by controlled rolling even at fi- ineering machinery.

nishing rolling temperature of about 930 1.

b. V(C,N) particles sizes of 7.5-25 nm- Mn-Ti-Nb PLATES

The strengthening effect on the ferrite ma-

trix is mainly attributed to them. AISC has also investigated and developed

c. Complex TiN phase- TiN particles with the co-adding of niobium and titanium into

a black nuclei of mCaOnAI203 and an outer the steels. Whether adding a slight amount of

layer of MnS. This kind of complex inclusions niobium into Mn-Ti steel, or adding a slight

which the bigger sizes are 3-10 pam, will be amount of titanium into Mn-Nb steel, products

transformed to spindle-like shape after hot of good properties can all be obtained. Take

rolling, they are disadvantageous to both l2Mn-Ti-Nb steel for example:

strength and toughness of the steel (fig.7). Chemical compositions

C Si Mn P S Ti Nb

0.13 0.48 1.52 0.016 0.005 0.15 0.024

Mechanical properties

Plate_-thicklmm TsMPa 0-b,MPa 1) -

20 420 360 29
a Akv , J Aku, j NDT

-2o-C -4o0c

129-137 78-94 90-110 -65 *C

It can be seen from the lists above that

Fig. 7 - Complex inclusions (mCaO- after adding niobium into Mn-Ti steel, we can

nAloO 3 +TiN+MnS) of TiN acquire a fine-grain high-strength steel with

particles, 800% comprehensive properties of good ductility,

low transition temperature, good formability

By means of ladle refining treatment, and good weldability. Considering from strict

e.g., injecting Ca-Si powder into the molten economic view point, the combined adding of

steel in the ladle, and form some low-melting Ti-Nb is desirable.

point inclusions, which can be removed by in-

jecting Ar into the ladle. THE ADVANTAGES OF MICRO-Ti STEIL

d. (V,Ti)N and (Ti,V)(C,N) particles

sizes more than 50 nm. They consist of TiN Micro-titanium was also added into carbon

nuclei grew according to epitaxial mechanism steel (boiler steel plate 20G), manganese

and VN+VC shells, which a-e formed during steel (16Mn steel for vessels) and niobium

cooling of the ingots after casting. They steel. Investigations show that even in the

will decrease the strengthening effect of case of large ingot mould-casting, there are

ferrite. still the following advantages:

The mechanical properties of continuous I. Reducing free nitrogen, improving the

rolled Mn-V-N-Ti steel strips of 0.09%C are aging pr6,erty.

as follows: 2. Reducing free nitrogen, increasing

sMPa h k(-40 C), J/cm
2  toughn,..

450 600 44 3. Forming fine TiN particles, raising

the temperature of grain coarsening of aus-
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tenite (TGC).

4. Retarding austenite transformation,

lowering the ... ottransformation temperature,

resulting in increasing the probability of

ferrite nucleation and refining the ferrite

grains.

5. Rolling deformation may induce the

precipitation of Ti(C,N) and retard the re-

crystallization of austenite.

6. Precipitation of fine Ti(C,N) in fer-

rite may induce precipitation hardening and

increase 's.

7. Improving the toughness of lAZ.

8. Increasing the strengthening effect of

Nb in Nb-bearing steels and improving their

ability to bear chilling and rapid heating.

Combination of Ti and Nb microalloying may

give better economic benefits.

The annual output of Ti-microalloyed

steels in China have exceeded 300,000 tons in

1980.

CONCLUSIONS

V-Ti steel, Nb-Ti steel and microall3yid

steels containing small amount of titanium

have developed extensively. We believe that

this developement will be faster in the fu-

ture as some new techniques, such as pre-

treatment of molten iron, top-bottom blowing

converter, injecting metallurgy, continuous

casting and controlled cooling, etc, are ap-

plied.
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THE EFFECT OF COMBINED ADDITION OF
NIOBIUM AND TITANIUM ON LOW

CARBON-MANGANESE STEEL
(FIRST REPORT)

Yao Weixun, Xia Diepei, Ao Liege Feng Zemin, Zhang Xiaogang*
Institute of Iron & Steel Research Department of Metallic Materials
Anshan Iron and Steel Complex Northeast University of Technology

Anshan, PR.China Shenyang, PR.China

IT IS VERY IMPORTANT TO KNOW the behavior MATERIALS AND PROCEDURES

of grain coarsening and recrystallization of

austenite under hot deformation in regu- MATERIALS - The chemical analysis of

lating a proper rolling schedule for mi- the steels studied in this work is given

croalloyed steels. A lot of research works in table 1. Before rolling, the ingots were

about these topics have been carried out forged to 25 mm thick slabs, the slabs were

both in our country and abroad, and the homogenized at 1200C and hot rolled in

effect of V, Ti and Nb elements on con- five passes to 7 mm thick plates with two

straining the austenite grain growth and different finishing temperatures which were

retarding recrystallization are affirmed 960-1000"C and 840-860 I for steels 1 to 7

unanimously. There are three opinions a- and steels 8 to 10 separately. For steels

bout the delay mechanism, i.e. (a) the 8 to 10 only one finishing temperature

solute drag effect; (b) the pinning effect ranges about 930-960"C was adopted. After

of precipitates and (c) both (a) and (b) hot rolling, the plates were cooled to a-

function at the same time. It becomes bout 650*C rapidly, and then held in a fur-

more complex as different microalloy ele- nace of 600 t for 0.5-1 hour and followed

ments are added simultaneously. This paper by furnace cooling to room temperature so

inquires into a low C-Mn steel with Nb and as to simulate the coil cooling of steel

Ti added coalescently about the following strip after commercial rolling.

aspects: EXPERIMENTAL PROCEDURES - Tensile spe-

1. The tendency of austenite grain cimens of 5 mm dia. and Charpy V-notch im-

growth during reheating; pact specimens (1/2 size) were cut from the

2. Effect on the precipitation kine- plate along transverse direction. Because

tics of carbonitrides and on the recrys- the results of mechanical properties of

tallization of austenite; steels 2 to 6 were not satisfied, so more

3. The mechanical properties attain- detailed observations were merely dealt

ed under the present production condition with samples I and 7, especially with sam-

in Anshan Iron and Steel Complex. pies 8 to 10.

The hot compression test were carried

pThrs Tste master dissertation written by Zhang Xiuogang.
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Table I • Chouical Comrosition oF the Steels (Wti)

No C Mn Si P S Nb Ti Al N Method of SteelmaKins

1 0.16 1.20 0.39 0.011 0.006 0.027 0.029 0.39 0.002 Vacuum Inductiion Furnace

2 0.15 1.21 0.39 0.012 0.007 0.079 0.027 0.31

3 0.16 1.05 0.29 0.011 0.006 0.030 0.070 0.31

4 0.16 0.97 0.40 0.01-2 0.006 0.079 0.071 0.34

5 0.15 1.02 0.38 0.011 0.009 0.031 0.13 0.29

6 0.15 0.91 0.37 0.010 0.007 0.084 0.13 0.27

7 0.078 1.14 0.37 0.010 0.006 0.067 0.031 0.25

8 0.05 1.28 0.17 0.009 0.002 0.038 0.0275 0.013 0.088 Induction Furnace

9 0.055 1.28 0.18 0.016 0.016 0.94 0.027 0.014 0.083

10 0.068 1.09 0.12 0.009 0.030 -- 0.015 0.011 0.012

11 0.046 1.29 0.11 0.012 0.018 .... 0.011

out on Gleeble-1500 Tester, the sample size RESULTS

isPIlOX12 mm with '8x0.2 mm deep recesses on

both ends. They are reheated at 1200 "C for MECHANICAL PROPER' Mechanical pro-

5 min and deformed at 925, 975 and 1025'C perties of the test st.o , .i -howe6

with a series of strain rate from 10--10--- table 2 with the exc., '.j of .reei i whose

the strain is 40 %. strength and toughnes, are slightly higher

The microstructures of as rolled sam- at lower FRT, the strengths of steel 2 to 6

ples were observed with optical microscope are all higher at high FRT, but the tough-

and as-quenched deformation specimens, the ness are quite lower. In spite of lower car-

austenite grain growth of steels 8 to 11 bon content of steel 7, the strength is just

were observed under a HM-4 high temperature the same as steels with higher carbon con-

microscope between 900-1200"C at intervals tent and the toughness is good also. The

50"C and held 30 min at each temperature, steels 8 and 9 haw better properties than

As the carbonitrida particles which steels I and 2 which possess much higher

intensively affect the retardation of re- carbon contents and with approximately the

crystallization and the growth of the aus- same contents of other alloy elements. The

tenite grains in microalloying steels are steel 10 which contains Ti solely has the

very fine, we adopt SPEED method to extract lowest strength.

the precipitates smaller than 100 am and As seen in table 2, despite of the

examined under a H-70011 electron microscope, condition of rolling and cooling, the steel

with the aid of X-ray energy spectrometer that contains Ti only had very low strength,

and electron diffraction spots to analyse and the strengths increase significantly

their structures and constituents. The mor- when combined aldition of Nb and Ti was used

phology, distribution of the precipitated in the steels. The strength Increases and

particles, the dislocations and substruc- toughness decreases with inereasing Nb, and

tures in steels were also observed with me- the descending extend is greater at higher C

tal foils. level.

This investigation shows that it is

possible for a low carbon (0.06%C) steel

containing Nb and Ti to get the same strength
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Table 2 , Mechanioal Properties of Test Steels

0.2 .S..S. o.2zY/S. . .. ,t
140 (MPa) "MP )% () CVN(J) Mas)

H L H L H L H L H L H L

1 462 486 615 627 0.74 0.78 Z7.5 26.3 71.0 72.8 51.5 60.0

2 566 514 699 649 0.81 0.79 22.3 26.3 67.0 69.5 33.5 46.0

3 607 546 742 684 0.82 0.80 20.0 25.0 68.0 69.0 19.0 34.0

4 589 477 726 637 0.80 0.75 21.7 25.3 67.3 70.5 22.5 55.0

5 665 558 783 681 0.85 0.82 22.3 24.3 66.5 70.5 21.5 39.0

6 656 552 777 662 0.85 0.83 19.0 26.0 6.0 69.5 16.0 45.5

7 591 559 684 676 0.86 0.83 21.7 23.3 72.5 70.5 60.5 54.0

8 470 563 0.83 25.5 72.0 54.5

9 553 633 0.87 22.3 72.8 51.8

10 320 431 0.74 32.5 77.0 59.0
...................................................................................................

H--- hish FRT, L--- low FRT

as the steels with 0.1b%C and much better steels, the amount of them are larger in

toughness than those of high-C content steel 10 with higher carbon content (fig.3).

steels, with conventional rolling and con-

trolled cooling.

MICROSTRUCTURE - There are three kinds

of microstructure in the steels after con-

trolled rolling and cooling:

1) The microstructures in steels 1 to

6 are all ferrite and pearlite. The differ-

ence is that equiaxed polygonal ferrite

grains from lower FRT, compared with that at- a. lower FRT 40 am

taimidat higher FRT are finer on the contrary.

and there is a tendency for ferrite to be-

come unequiaxed with less and disperse pear-

lite (fig.1).

2) In steel 7 with lower carbon content,

the microstructure is consisted of fine aci- "

cular ferrite, which is quite different from ,-

steel I to 6. No matter what FRT is used, we

can hardly see pearlite in it (fig.2a). 1how- b. high FRT 0 um

ever, at lower FRT, the acicular ferrite be- Fig. 1 - F4P in high carbon content steel

comes a little coarser conversely.

3) The microstructures in steels 8 to From the observation of thin foils for

10 are composed of mixtures of nequiaxed electron microscopy prepared along the rol-

and acicular ferrite (fig.2b). With decreas- ling direction of the plates, it is found

ing of Nb and Ti contents and cooling rate, that most of the matrices of acicular and

the grains become coarser. In addition, there unequiaxed ferrite are composed of lath

are some cementite particles in these three substructures with high dislocations. There
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1, .... . /.

a. acicular F *O b. unequiaxed F 2,0 m F+Fe C 1,

Fig. 2- Unequiaxed and acicular F Fig. 3 - Ferrite and Cementite
Particles

are also some nearly equiaxed substructures steels 8 and 9 are nearly *he game in size,

in them (fig. 4). The dislocation density in but the amomat of particles in steel 9 was

cell-structures of two kinds of substructures about three times of that in steel 8. A sta-

are very similar, but with leap dislocations tistics on the size, distribution and mean

in the center portion of the equiaxed sub- spacing of precipitated particles is tabula-

structures. It means that the crystal struc- ted in table 3. It shows that most of the

ture are relatively perfect in this region, particles are smaller than 30 nm in diameter,

There are some dislocations in the center the spacing between particles is smaller in

area of the lath substructure, but the dis- steel 9 than in the other steels, and that

location density is much smaller than that in of steel 10 is the biggest.

the cell structure. The cell structure are Chemistries of precipitates of different

net works composed of dislocation tangles as sizes in steel 8 and 9 were studied with the

observed under higher magnifications (fig. 5 aid of EDAX, the results show that almost all

The dislocations are pinned by precipitates, particles whose sizes are between 50 and 150

and the higher the dislocation density is, nm contain both Nb and Ti simultaneously, and

the more the precipitates are. It is more the amount of Ti reduces as the particle size

evident in steel 9. decrease, but the Nb contents in particles

THE SIZE, DISTRIBUTION AND CHEMICAL nearly have no changes (fig. 7).

ANALYSIS OF PRECIPITATES - Carbon extracted THE TENDENCY OF AUSTENITE GRAIN GROWTH

replicas for electronic microscopic examin- IN THE STEELS -- A high temperature micros-

ation of precipitates were prepared on metal- cope was used to observe the tendency of

lographic specimens with SPEED method. Any grain growth of austenite. The grain sizes of

precipitates are hardly seen in the hot com- steels 8 to 11 during reheating were deter-

pression specimens quenched from 1220"C. mined by linear intercept method and plotted

With increasing Nb and Ti contents, the versus temperature (fig. 8). The grain sizes

number of carbonitride become more and more of the comm(n C-Mn steel and O.015%Ti steel

in steels 8 to 10, which were controlled at 900*C are the same. The grain growth rate

cooled after hot-rolling. The majority of the of steel 11 is about 3-6,#m/50"C between 900-

precipitates is fine in sizes of the order 1000*C and increases to15-2Dum/W0C abe 1050'C.

between 10-30 nm (see fig. 6a,b,c and table3). The grain sizes of the three kinds of steel

In the steel that contains Oo015%Ti only, not with Nb or Ti additions almost have no change

only the precipitates are less in quantity below 950"C, and grow up homogeneously and

but also bigger in sizes. The precipitates in slowly till 1100*C. Even with steel 10, which
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a. lath substructure.l
2
P" b. equiaxed substructure 0._ m

Fig. 4 - Two Kinds of Substructures Fig. 5 - Dislocation Networks

Table 3 . Precipitate Sise,Distribution And SpacinI

S1z0(no) 1 30 30-50 50-100 100-200 averaI, warticle Spacins

No

a 56.9 % 29.4 % 11.0 % 2.8 % 47

9 73.3 % 19.2 % 6.71 0.9 % 29

10 53.3 % 31.1 % 15.6 % 0 200

b. 9 r c1

Fig. . .T" P i

cotan smal amun of Ti only the grisLuvs-Tetu tesadsri

* Sa

* . . •

a. 8# O.__pm,," b. 9# O. c. _0__.

Fig. b - The Precipitates in Steels

contains small amount of Ti enly, the grains Q"-e Curves - The true stress and strain

also begin to coarsen obviously till 1150"C. curves of steels 7,8,9 and 10 showed in fig.

When the temperature raises to about 1100"C, 9a were measured by hot compression tests on

some abnormal grain growth appear in indivi- Gleeble-1500. Under the test condition adop-

dual area in the steels, and is more evident ted, the stresses in steel 1 and 7 increase

in steel 10. The grains grow rapidly for all continuously with ascending strains owing to

four kinds of steels between 1150-1200"C, the high contents of Al in them, this means

however, the rate of growth reduces along that the resistances to deformation increase.

with increasing of Nb and Ti contents, and it The flow curves for other steels are typical

becomes more obvious when Nb and Ti are added of recrystallization. Figs.9b and 9c show the

together, especially with the increasing Nb 0-f curves of steels obtained under the condi-

content. tions of the same deformation temperature

INFORMATION OF DYNAMIC PRECIPITATION AND with different strain rate, and with the same

RECRYSTALLIZATION FROM THE TRUE STRAIN-STRESS strain rate at different deformation tempera-

CURVES
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Io 0- I
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84 ~/
77,. 69i JI

. 59 / ,'
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p 36,

a 20

a. 50-RO nm precipitates b. 80-100 m precipitates I I I I859 999 959 1888 1958 1189 1159 1289 1259

Fig. 7 - The content of Nb and Ti in precipitates

of different sizes 
Temperature(%)

Fig. 8 - The relation between austenite

grain size and temperature

135 025" X10
3  1021"* I 1 -

120 IXO-1 S 925'C

105 7

975'c

4SG0

30 10 5)(10

0.1 0.3 0.5 0.1 0.3 0.5 0.1 0.3 0.5

True 5t~,

a. steels of different b. same composition and tem- c. samret and composition but

compositions perature but differentt different temperatures

Fig. 9 - True stress-strain curves

tures seperately. It can be seen that the havior with the result of the earlier studies.

peak stress is descending (ascending), and On account of the 6p on the flow curves is

the peak shifts to the side of lower (higher) approximately uorresponding to the critical

strain according to increasing (decreasing) strain of dynamic recrystallization, the re-

deformatinn temperature. The process of high lation between Ep and t may be used to study

temperature deformation would not attain the the effect of various chemical compositions

dynamic recrystallization state and exhibits end deformation conditions on dynamic recrys-

a typical characteristics uf reLovery when tallization. Fig. 10 shows the 4_6 curves

the temperature is below 925 C or strain rate at 1025"C of the conventional C-Mn steel and

is higher than 10-1/s. It shows a similar be- the steel which contains Nb and Ti. From the
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curves we know that the steels microalloyed to 1040C when Nb and Ti were added into the

with Nb and Ti have higher peak strain than steel, the onset time of precipitation i dhort-

conventional C-Mn steel at any strain rate. er than the steel which contains Ti only, the

This means the influence of Nb and Ti addi- temperature range of precipitation is smaller.

tion on retarding dynamic recrystallization. The dynamic precipitation curves are quite the

Fig. 10 also shows that in a certain range same for two kinds of steels containing Nb

of strain rate an unusual peak appears on and Ti, when the amount of Nb increases from

the -p-& curves of Nb and Ti containing 0.038% to 0.094%, the curve moves towards

steel. the left direction.

II12500A--

0.3 i

fo

900 -

0"20 30 40 50 60slrairI :ae Os '1
Time s

Fig. 10 - p-6 curves in steel 9 and 10 Fig. 11 Affect of alloy element

RTT and PTT Curves - According to the on recrystallization

influences of the same strain rate and dif-

ferent deformation-temperature on dynamic re- 1z3 ........ .. ..

crystallization of steels 8, 9 and 10, we
Ts91 for three steers

obtained the curves of beginning of recrys- t200 ... ............. .....

tallization,temperature and time (fig. 11).

As in steel 10 with small amount of Ti, the

peak strain is slightly higher than that of

the conventional C-Mn steel, so the suppres- 00

sion effect on the recrystallization is not +

obvious. But combined addition of 003%Nb - - -

and 0.03%Ti to the steel exhibits an obvious t

retardation, although the effect on delaying oo

recrystallization increase, the increasing t

degree become smaller along with continuous- 950 4

ly increasing Nb-content in steel. m_. 9

Through calculation from the deformation

parametem determined in steel 8, 9 and 10, 0 0 4 5 1 02 40 0 10 00 20 500

the dynamic precipitation curves of carbon- Time (9)

itrides are plotted in fig. 12. The fastest Fig. 12 - Dynamic precipitation curves

precipitation appears at 1090 1 in steel 10

which contains Ti only and the temperature DISCUSSION

range of precipitationis wide. The temperature

of fastest precipitation reduced from 10900C INFLUENCE OF ALLOY ELEMENTS AND ROLLING
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SCHEDULES ON THE MICROSTRUCTURES AND PROPER- led cooling soon after hot rolling, the tran-

TIES OF THE STEELS - A good combination of sformation of austenite to polygonal ferrite

strength and toughness has been obtained for and pearlite is hindered and the formation of

steels 7, 8 and 9 under conventional rolling an acicular ferrite structure may be promot-

followed by controlled cooling. The reasons ed. ( )(2) The latter is produced by a com-

are: bined transformation mechanism of shear with

1) The austenite grain growth has been diffusion, and has better strength and tough-

effectively controlled by Nb and Ti in the ness than the F+P structure on account of the

steels during the heating of the slabs (fig9). fact that there are higher dislocation densi-

This effect results mainly from the hindrance ty and finer cellular structure in its sub -

to migration of grain boundaries exerted by structures. Smith et al has discovered that

finely dispersed particles of Nb, Ti car- the steel has the best strength and toughness

bonitrides. It has been shown by TEM obser- when it has a structure of fine acicular fer-

vation that the amount of precipitated par- rite mixed with a smaller amount of polygonal

ticles is propotional to the Nb and Ti con- ferrite. (3 ) The microstructures of steels 8

tents in the steel. On that account, the de- and 9 are essentially of this type. In view

gree of refinement of the austenite grains of the substructures of them observed by me-

is correlated to the number, size and distri- tal foils under TEM, there are a lot of high

bution of these particles. The grain sizes density dislocations and dislocation networks

of steels containing Nb and Ti remain rather (fig. 4,5), which are quite different from

fine as they are heated up to 1100'C. A con- those of polygonal ferrite.

siderable carbonitride particles which con- 3) When the steels are rapidly cooled

tain predominately Nb begin to come into from the finishing temperature to about b50'C,

solid solution as the temperature is above not only the coarsening of grains is highly

1100OC, this may be the reason why locally hindered, but also the precipitation of Nb,

abnormal grain growth occurs at that time, Ti carbonitrides is restrained. In simulating

while those Ti predominated whose solute the coiling of steel strip after commercial

temperature are higher may still act as oh- rolling, the water-cooled steel plates are

stacles to grain growth. The amount of pre- held at bOO "C and followed by furnace cooling,

cipitates in steel 10 is very small that they and the Nb, Ti carbonitrides may precipitate

have minute ability to hinder the grains from in this higher temperature region of o-phase.

coarsening. When the heating temperature is According to K. Kanishige et al,(5) the fine

raised above 1200"C, the grain sizes of steels particles precipitate in this temperature

8 and 9 with combined addition of Nb and Ti range will have a week strengthening effect

are approximate b0 and 50pm respectively, on the steel and no influence on the tough-

that of the steel with Ti addition only is ness. From the statistics of the amount, sizes

82,Nm, while the grains of the plain C-Mn and spacings of the precipitates observed by

steel grow up to about 130/Mm. Consequently, replica under 1EM, the quantity of precipita-

the steels rolled from initial finer grains tes in steel 9 is the largest with the size

will have smaller grain sizes, and thus have the finest, so very good the strength and

greater strength. toughness are. The precipitates in steel 10

2) The microstructures and CCT curves are very few and disperse sparsely, and hence

of the steels have been greatly changed. Por the strength of it is ratitar low. These re-

a steel containing lower C, higher Mn and a suits are in coincidence with that of their

certain amount of Nb, in adoption of control- investigation. Furthermore, the carbon in the
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metastable structures formed in the steel The free energy in the volume of a new phase

during rapid cooling after hot rolling will is different from that in the matrix as the

precipitate as cementite and coalesce to sphe- dynamic recrystallization occurs in a steel.

ric form, which will be additionally favour- Under a certain deformation condition, the

able for the toughness (table 3,figs.6, 2 and amount of deformation energy in the micro-

3). structure is proportional to the area under

There are some differences between the the stress-strain curve. As can be seen from

basic chemical compositions of steels 1 to 7 fig. 9a, that under the samee , T and , the

and steels 8 to 10. This will unavoidably in- areas beneath the curves are different depen-

fluence the microstructures and mechanical ding on the variant alloying elements and the

properties of the steels. In general, Mn low- contents, i.e. much higher deformation energy

ers the Arl, Ar3 points and the decomposition is required for the occurrence of recrystal-

rate of austenite, and also has a promoting lization in a steel containing more microal-

effect on precipitation hardening. The con- loying elements.

tents of carbon and microalloying elements As Nb and Ti are added simultaneously

must tally with the stoichiometric ratio of into the steel, carbonitrides of nonstoichio-

the precipitate. The largest number of par- metrical ratio are easily formed owing to the

ticles could be obtained only when the heat- fact that Nb and Ti carbonitrides have the

ing temperature is well above the solubility same crystalline lattice and can dissolve in

curve of these precipitates. Under the condi- each other. It can be seen from the dynamic

tion of heating to 1200 C in our experimental precipitation curves that the precipitating

rolling, the Nb, Ti carbonitrides in steels 1 temperature of carbonitrides in the steel on-

to b which have higher carbon contents could ly containing minute Ti is higher, and the

only dissolve partially, thus the number of curves for steels 8 and 9 have only one nose

carbonitride particles precipitated under both, this means that the precipitation of Nb

cooling will reduce on the contrary, and and Ti carbonitrides may all occur in

hence the effect of precipitation hardening temperature range. It has been reporLe hat

becomes weaker. the activity of the carbonitrides in the steel

From the facts mentioned above we can will be lowered due to the interaction of Nb

realize why the steels 7 to 9 with much lower and Ti, and this causes their solubility to

carbon contents than steels I to 6, but, have be increased, i.e. their stability in auste-

the same strength and better toughness. On nite may be relatively enhanced and the ten-

account of low C and excessively high Al con- dency of precipitation will be reduced, and

tent, the acicular ferrite structure is very the precipitation temperature is thus lower-

fine in steel 7, which exhibits an excellent ed. From our experimental result (fig. 13),

toughness. As for steels 1 to b, all of which we can see that the temperatures for fastest

contain very high Al, the common rule that precipitation in steel with Nb and Ti are

the microstructures obtained at lower finish- about 50 "C 1 wer than that of the steel con-

ing temperatures are coarser than those rol- taining Ti only. This is in coincidence with

led under higher temperatures may be attri- these rules predicated by them.

buted to the exceptional chemical composi- On account of the higher precipitation

tions. This needs to study in detail further, temperature of Ti carbonitrides, it might be

INFLUENCES OF COMBINDING ADDITION OF Nb infered that the carbonitrides in which Ti

AND Ti INTO STEEL ON THE PRECIPITATION KINE- predominates will precipitate firstly at high-

TICS AND THE RECRYSTALLIZATION OF AUSTENITE- er temperature in the dynamic precipitation
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0 A -lattice deformation (right side of fig.1O).
I250 • -

200 *-PTT For a certain range of strain rates, a peak

1150 appears on the 6p- curve, this may be at-

o 100o{ I tributed to considerable precipitation of Nb,

1050

1Ti carbonitrides, and results in intensifi-
5 I
1E95D 4 cation of delaying effect on recrystalliza-

9101 tion. On the left side of the tp-P curve,

0 I -0 40 50 b deformation time is longer because the strain

Time, s rate is small, so the firstly precipitated

Fig. 13 - PTT and RTT curves in steel 9 particles begin to coarsen, but they still

have some effect on pinning the grain boun-

curve during deformation, the sizes of them dary and thus on delaying recrystallization.

must be larger, while the carbonitrides con- There are about half an amount of microallo-

taining Nb and Ti simultaneously as well as ying element remaining in the solid solution,

those in which Nb predominates will precipi- it also contribute to the delaying of recrys-

tat:- in order as the temperature decreases. tallization.( 7 ) Consequently, the retarding

The lower the precipitating temperature, the effect on dynamic recrystallization must be

smaller the sizes of the particles willbe. This resulted from the combined contribution of

deduction is semiquantitatively confirmed by solute hindrance and precipitated particles.

analyzing Nb and Ti contents in the particles At that time, both the larger sizes of par-

of different sizes ranging from 50 to 150 nm ticles and the diminution in solute atoms

by EDAX accessory attached to TEM H-700H. may combinedly weaken their impression on

It is found from fig. 9, in which the constraining recrystallization, hence the

PTT and RTT curves of steel 9 are superposed- suppress effect exerted by microalloying

ly plotted on the same graph, and as the in- elements on recrystallization at slower stran

itial dynamic recrystallization curve inte- rate is smaller compared with that in other

rerst with the initial PTT curve, the slope regions on the ep- curve.

of the former varies greatly. This means that

the delaying effect on the dynamic recrystal- CONCLUSIONS

lization is rather obvious owing to the oc-

curence of dynamic precipitation of carbon- 1. Addition of a minute amount of Nb or

itrides. Ti to the low C-Mn steel will effectively

From observation under TEM of carbon suppress austenite grain growth during heat-

extracted replica of the hot compression sam- ing. This effect is more evident as they are

ple, which has been heated to 1220"C and added simultaneously.

quenched after deformation with greater strain 2. The precipitation kinetics of Ti car-

rate, no precipitated particles are disco- bonitride changes and the temperature for

vered. It may be recognized that the carbon- dynamic precipitation decreases when Nb is

itrides are essentially dissolved at this added simultaneously. As the amount of Nb in

temperatire, and have not enough time to pre- steel increases, the time for the onset of

cipitate from the austenite under the high carbonitride to precipitate is retarded. This

strain rate. In this case, the delaying ef- is benificial for refining the precipitates

fect on recrystallization dominantly results and increasing precipitation in lower temper-

from solute hindrance of Nb and Ti elements ature region of austenite and also in higher

owing to their greater size effects on the temperature region ofok-phase.
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3. The deformation energy required for

recrystallization increases with increasing

amount of Nb and Ti in steel, therefore the

temperature for occurence of recrystalliza-

tion is raised. The postponing effect on re-

crystallization before dynamic precipitation

may be caused by solute hindrance of Nb and

Ti atoms, while that after may result from

combined effect of Ni, Ti carbonitrides and

the elements remained in solid solution.

4. In tis experiment, Nb, Ti carboni-

trides may present as (Nb,, Tiy)(Cm,Nn) in

the form of continuous solid solution, in

which the relative amount of each element at

different temperature varies. The sizes of

precipitating particles become larger and the

contents of Ti increase also.

5. The preliminary result attained in

our experiment is, a steel with compositions

of C 0.05/0.09, Mn 1.0/1.3, Nb 0.03/0.05,

Ti 0.01/0.03, Alsol. 0.02/0.3 may achieve a

good combination of strength and toughness

by conventional rolling followed by control-

led cooling.
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Anshan Iron & Steel Complex Northeast University of Technology
Anshan. Liaoning. PR.China Shenyang, Liaoning, PR.China

DUAL PHASE STEELS have low yield strength,

ABSTRACT good ductility and high work hardening abi-

lity.l - 3) They can be easily formed and

A study has been made of the influence of dif- strenghtened in the meantime. The dual-

ferent compositions, hot-rolling and heat- phase steels extensively used in industry

treatment processes on the micro-structures, at present are those for stamping, while the

mechanical properties and cold drawing pro- studies on non-stamping ones are few. Profes-

perties of low carbon Si-Nb dual-phase steels sor G. Thomas has undergone many works in

containing 0.06-0.09dC, 1.5-.9%Si and 0.03- this respect. A "FERMR" dual-phase steel

0.05INb. The steel treated by firstly quen- has been developed for wires, chains, rein-

ching from phase region and then heating to forced bars, etc., and a patent has been

r+O( two-phase region and quenching again published.0 
)

(hereinafter referred to as intermediate Since 198b we have investigated into a

quenching) had better cold drawing abili- low carbon Si-Nb steel. The objective of the

ty than that treated by direct quenching from present study is to investigate the struc-

two phase region after hot rolling (hereinaf- ture-property relationships in the dual-phase

ter referred to as direct quenching), and no steels produced by direct quenching and in-

further heat treatment was needed when these termediate quenching, and discuss the feas-

steels were cold drawn into wires. A complete ibility of producing cold-drawing wires with

process of deformation and cracking to frac- these dual-phase steels.

ture was observed by Im situ techniques under a

HITACHI S-570 scanning electron microscope EXP REIIENTAL XfATERIALS AND PROCEDURES

equipped with tensile accessories. It was

found that dislocations piled up on the fer- Chemical analysis of steels studied are

rite-martensite interfaces and ferrite grain listed in Table 1. Steel 22 was hot rolled

boundaries, that led to the nucleation of to 90 mm square firstly, then homogenized at

cracks and finally to fracture. 1220'C and rolled to a wire-rod coil of 9 mm

diameter by 7 passes on a commercial mill

with finishing temperature about l00*C. lhe

whole coil was then transported to a water

* This paper is the master dissertation writ-ten-by Siu--Tianlun.
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tank and quenched. The quenching temperatures RESULTS AND DISCUSSIONS

of its cater and inner layers were not uni-

form and varied from 750 to 9C0"'C. The steels MICROSTRUCTURE - The microstructures of steels

4, 8 and 10 were hot rolled to bO mm squares, heat treated by direct quenching and inter-

and then forged to 40 mm squares. Forging mediate quenching are shown in Fig. 2. The

cracks were found in the center portion of microstructures of the former are consisted

them because the deformation temperatures of fine equiaxed ferrite whose grain size

were too low. They were then reheated to number is about ASTM No. 10 to 11 and marten-

1220'C and rolled to bars of 12 mm in dia- site islands which distribute along ferrite

meter by 9 passes on a trial mill with fin- grain boundaries, and that of the latter are

ishing temperatures of 850 to 950 C, and narrow fine lamellar martensite characterized

quenched immediately in water, by oriental distribution interspacing with

In the meanwhile, specimens were taken ferrite. The formation of the lamellar marten-

from each steel and heat treated in a labo- site is related to the lamellar austenite

ratory furnace according to two systems which forms during heating a non-equilibrium

(Fig. 1), namely, intermediate quenching and structure in the two phase region, and is the

simulating direct quenching, so as tu decide result of heredity of microstructur,-. (b-7)

the appropriate quenching temperature that

will be adopted in the)'+ region according Table I - Chemical Analysis Of

to their mechanical properties obtained. Dy- Tested Steels.(wt %)

namic tensile specimens after heat treatment No C Si Mn P S Nb

mentioned above were electrically polished

and deep etched to reveal the microstructures 22 0.12 0.99 0.33 0.016 0.02 0.041

and then stretched in a HITACHI S-570 scan- 4 0.08 1.35 0.34 0,009 0.014 0.033
8 0.06 2.0 0.42 0.01 0.01 0.045

ning electrom~croscope to observe the comp-
10" 0.05 2.08 0.23 0.006 0.016 -

plete process of crack initiation and propa-

gation to fracture in relation to the morpho- *Refference steel

logies of microstructures.

The wire rods and bars treated by direct

quenching and intermediate quenching were

then cold drawn out into wires.
a) I.Q. b) S.D.Q.

Mechanical properties and stress-strain a

curves were determined for all bars and wire A 3 -

rods thus prepared. For a part of them, the

uniform elongation ard work hardening index A1
n was measured also.

The microstructures of specimens etched

with 24 Nital or Lepera etchant(5)were obser-

ved with a Neophot-iH optical microscope and Time (min)

a 1ITACHI-7001 TEM. With the latter precipi- Fig. I - Schematic representation of dual-

tates in steels extracted by carbon replica phase heat treatments

together with SPEED method were also examin- a. Intermediate quenching b. Simulating
direct quenching

ed.

The details of island and lamellar mar-
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tensite were observed under TEM. It is found The exsistence of dislocations and substruc-

that all the sub-structures of them have both tures enhances the strength of steels.

twin and dislocation types, which are related PROPERTIES - The stress-strain curves of all

to temperatures of quenching. It is composed the tesile specimens heat treated by direct

mainly of dislocations when the quenching quenching and intermediate quenching are cha-

temperature is high. Along with the decrease racterized by continuously yielding which

of temperature, the carbon content of marten- is typical of dual-phase steel.

site increases, and so the substructure be- The relations between quenching tempe-

comes predominately twins-dislocations as ratures and mechanical properties of niobium

shown in Figs. 3 and 4. containing and reference- steels heat treated

by intermediate quenching are shown in Figure

' 6a. Generally, the strength increases and the

ductility decreases as the quenching tempera-

ture is raised, but a good ductility still

holds. The elongation is about 27% and the

work hardening index is in the range of 0,18

to 0.20. In spite of the lower carbon content

*of steel 8 as compared with steel 4, its ten-

sile strength is higher than that of the
~20Uri b 2OAUM

steel 4 and the yield strength and elongation

Fig. 2 - Optical micrographs of dual-phase of these two steels are approximately the
steels

a. direct quenching, 2% Nital etch. same because of the higher silicon content of

b. intermediate quenching, Lepera etch, steel 8. Silicon is a strong solution harden-

ing element and the presence of silicon in

ferrite matrix can improve the ductility of

In the ferrite obtained by these two steels. It has been reported that for a given

schemes of heat treatment, there are a lot of strength level of dual-phase steels, a larger

dislocations, cell substructures which are ductility may be attained in the steel with

consisted of dislocation tangles, and some higher strength of ferrite.(8)

dispersed precipitates as shown in Fig. 5. The contents of carbon and silicon in

These dislocations are essentially produced steel 8 and the reference steel are approxi-

during the austenite/martensite deformation. mately the same, but the tensile strength and

4p,

a _4* -b. 2"u

Fig. 3 - The martensite substructures of steels, intermediate quenching, TEM.
a. twin, quenched at 840"C, b. twin+dislocation, quenched at
9501C, c. dislocation, quenched at 950"C,
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Fig. 4 - The martensite substructures of steels, direct quenching, TEM
a. twin. quenched at 850 I, b. twin+dislocation, quenched at

950*C, c. dislocation, quenched at 950"C,

elongation of niobium containg steel is ob- The influence of quenching temperature

viously higher. This makes the ratio of yield on the properties of dual-phase steels is

strength to tensile strength decrease greatly achieved by virtue of the following aspects:

and is beneficial for work hardening in cold the carbon content and the volume fraction

drawing. In order to attain a better combi- of martensite thus obtained, the sub-struc-

nation of strength and toughness, the quen- ture of it, and the hardenability of austen-

ching temperatures should be about at 900 to ite under this temperature. Evidently, it is

950 1C, as shown in Fig. 6a. A similar rela- an important factor which affects the

tionship also exists between the mechanical strengthening of dual-phase steels.

properties and quenching temperatures of DYNAMIC STRETCHING - Fig. 7a shows the micro-

steels treated by direct quenching as can be structure of steels treated by simulating di-

seen in Fig. 6b. rect quenching before stretching (F+M island).

[ A " -0U6C - 2.0S1-u.033Nb

9 F, - O.0 Sc - L35 S -0 45 b A .F, -0 C 2.0S -- O33 Nh

0 Fe - 05C- 2.0Si
700 TS i-F ORC-1.35S, 345N1

.650 .

t 606, 75o

.,'1, -A : 'IN~~ 1 700 -
,450 ., ", _, -"

" - t 400 5 -

500A

C3 450

300

Fig. 5 Dislocation sub- -2
0o 5 400 95 0

structures in fer- 850 90 950 1600 .10 800o 8000 00' 950
Qjerh, 'h r , T nprnture ( , ) Qunehin, T.,up,, to : e t "O

rite.

Fig. 6 - The relation between mechanical properties and

quenching temperatures of dual-phase steels,

a. intermediate qxienching b. direct quenching
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There is a crack initiated on the ferrite No conspicuous deformation of U-islands

side of a F/U interface and on the other side could be discerned before necking, while the

a crack is along the F-F boundary, as shown ferrite grains already deform greatly and

in Fig. 7b. These two cracks emerge just be- the deformation is not uniform among various

fore necking of the specimen under stretching ferrite grains due to their different orien-

and the propagation of them under continuous- tation. When the slip lines roughly parallel

ly increasing loading are shown in Fig. 7c. to the M-islands, the nearer to the M-island,

The F/U interface crack propagates by going the denser the distributions of slip lines

round the M-island and entering the ferrite are, and then they propagate by going round

beside it. It seems that the martensite has them. When slip lines intersect with the in-

an effect on hindering the crack propaga- terfaces or ferrite grain boundaries, they

tion. However, the F/F boundary crack can pile up and converge to deformation bands as

not propagate further because the direction the deformation is increasing and microcracks

of propagation is almost parallel to the ho- initate dw to the hteif katon of srain xncentraion.

rizontal tensile axis and the M-island lo- Araki et a )considered that the cracks

cated in front of crack tip plays an important had formed under a lower stress as the dual-

role in hindering the crack propagation, phase steels were stretched, but the view of

It shows that only the crack vertical to the Shen Xianpu et al (l)was that all the cracks

tensile axis can propagate continuously, capable of propagating emerged only after

iss..

Fig. 7 - The initiation and propagation of cracks in dual-phase microstructures under SEU

a. direct quenching, microstructures before stretching b. direct quenching, F/M
interface crack c. direct quenching,crack propagation d. direct quenching, the
main crack before fracture e. intermediate quenching, microstructures before
stretching f. intermediate quenching, m.crovoids.
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necking. This work shows that cracks form is finely dispersed and can be well deformed

essentially after necking, but also may emer- cooperately with the ferrite matrix.

ge just before the necking will appear. PROPERTIES OF COLD DRAWING - Table 2

It is found that when the steel with shows the final diameter, the total reduction

F+M-island microstructures are stretched, the of area and the ultimate strength of cold

cracks will emerge mainly on the interfaces drawn wires. It can be seen that for a selec-

or boundaries, and also may be in ferrite ted regime of heat treatment, steels of the

grains and on the inclusions and so on. The same chemical analysis (8-1 and 8-2) quenched

microcracks originate just in the places at higher temperatures have more better cold

where the slip lines are obstructed serious- drawing capability than those quenched at

ly. It shows that they form by the disloca- lower temperatures, which is accordant with

tion pile-up model. During the whole stret- the result shown in Fig. bb. When the quen-

ching process, the M-islands deform slightly ching temperature is lower, the volume frac-

and rotate as a whole under the shear stress tion of martensite is fewer and the carbon

towards the tensile axis. Generally, the main content in it is higher. Speich (1 2) had deri-

crack propagates on the ferrite side of the ved an empirical relation showing that the

M-island by going round it, as shown in Fig. reduction of area is inversely propotional

7d. This may be the reason why dual-phase to the product of carbon content of the mar-

microstructures have good combination of tensite and the square root of the volume

strength and toughness, fraction of it. The inferior cold drawing prc-

Fig. 7e shows the microstructures after perties at lower quenching temperatures may

intermediate quenching before being stretched be related to the transformation of marten-

(F+lamellar-M). The microcracks do not appear site substructures from dislocation type to

until the later period after necking during twin ones with increasing carbon content in

stretcfling of this dual-phase steel. They them.

form mainly at the F/M interfaces or on the It can also be seen from Table 2 that

inclusions and propagate in a manner of mi- steels treated by intermediate quenching have

crovoid coalescing as shown in Fig. 7f. The more better cold drawing properties and ulti-

amount of microcracks in this dual-phase mate strengths than that by direct quenching.

steel is far less than that in the directly This verifies again that the microstructures

quenched steel, and the uniform and total of the former have better deformation ability

elongationsas well as necking of the latter as mentioned above.

are more greater than the former. The steel 10 treated by direct quenching

In the microstructures of steels by in- or intermediate quenching fractured brittlely

termediate quenching, the interface between at 10.50 mm diameter just after they had been

the two phases is coherent or a low angle drawn two passes and exhibited crystalline

boundary and crystallographic continuity of fractures. The reason is that when this steel

slip planes and directions may be maintained is heated and rolled at higher temperatures,

across the interfaces. But in the microstruc- the microstructures are very coarse due to

tures of steels treated by direct quenching, the absence of niobium which can effectively

most of the F/M interfaces are high angle prevent the deformed austenite grains from

boundaries where voids are easily formed than recrystallization and coarsening. The grain-

in the former steels.(11) On the other hand, size number of steel 10 treated in this way

the lamellar martensite obtained by this way is about ASTM No. 5 to 6, but that of niobium
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Table 2 - Cold Drawing Properties of Dual-Phase Steels

Heat Quenching Initial Final Total Reduction Ultimate
No. Treatment Temperature Diameter Diameter of Area (%) Strength

(C) (mm) (mm) (MPa)

22 D.Q. 800 9.0 1.00 98.8 1669

8-1 D.Q. 840 12.0 3.00 93.8 --

8-2 D.Q. 930 12.0 1.72 97.9 1688(02)

4-1 D.Q. 920 12.0 2.20 96.6 --

4-2 I.Q. 950 12.0 1.10 99.2 1790

10-1 D.Q. 860 12.0 10.50 12.5 --

10-2 I.Q. 950 12.0 10.50 12.5

D.Q. - Direct Quenching I.Q. - Intermediate Quenching

bearing steels is about ASTM No. 10 to 11.

It is found that there are some fine NbC

or Nb(CN) particles whose sizes are about 10 "

to 50 nm, distribited mainly within the fer-

rite matrix and a minor of them scattered a-

long the grain boundaries (Fig.8). The exis-

tance of precipitates enhances the strength

of steels and make a good combination of

strength and toughness because the amount of

toughness decreased by precipitation har-

dening can be compensated by that increased r.- #"u -

in grain refinement. Therefore, it is bene- -.. ".

ficial to add some grain refinement elements . L, .. , .

in dual-phase steels.

- "@ * Fig. 9- Deformation in steel 8-2 during

cold drawing
b...62

hp i' *deformation of ferrite increases gradually mnd

the larger martensite islands also deform and

elongate along the drawing direction, but

Fig. 8 - Distribution of precipitates in the smaller martensite islands deform only

Nb-bearing dual-phase steels slightly and rotated towards the tensile axis.
a. at ferrite grain boundary, (Fig.9)"
b. within ferrite grains,

CONCLUSIONS

It can be seen from the changes of mi-

crostructures during cold drawing that with An investigation has been made into the

the increasing of the reduction of area t"e structure-property relations of dual-phase
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steels containing 0.06-0.09%C, 1.5-1.9%Si and 2. J.Y. Koo and G. Thomas, Mater. Sci.

O.03-0.05%Nb and wires drawn from them, the Eng., 24, 187 (1976).

following conclusions may be drawn: 3. M.S. Rashid, SAE. Preprint 760206

1. The direct quenching or intermediate (1976 Feb.).

quenching cou!(. be used to obtain ideal d,-al- 4. G. Thonas, WO 84/02354.

phase structures in a wider range of quen- 5. F.S. Lepera, J. Met., 3, 38 (1980).

ching temperatures from 850 to 950"C. 6. S. Kinoshita, ISIJ., 14, 411 (1974).

2. When these dual-phase steels are cold 7. R. Homma, ISIJ., 14, 434 (1974).

drawn into wires, no furthur heat treatment 8. R.G. Davies, Metall. Trans., 2A, 671

is needed. The steels treated by intermediate (1978)-

quenching have better col drawing capability 9. K. Araki, Y. Takara and K. Nakaoka,

than that produced by direct quenching. Trans. ISIJ., 17, 710 (1977).

3. When these dual-phase steels are 10. Shen Xianpu, Lei Tingquan and Liu

stretched, the deformation undergoes mainly Jianzhuang, Acta. Metallurgia, 21A,

in the ferrite matrix, while the martensite 228 (1985).

rotates as a whole towards the tensile axis 11. A. 11. Nakagawa and G. Thomas, Metall.

as the stress increases, but the deforma- Trans., 16A, 831 (1985).

tion is less than that of ferrite. The pile- 12. G.R. Speich and R.L. Miller, "Struc-

up of dislocations tends to fracture finally. ture and Properties of Dual Phase

4. The cracks in steel by direct quen- Steels", p.145, R.A. Kot and J.W. Mor-

ching initiate mainly at the F/M interfaces ris eds., TMS-AIME, Warrendale, PA

and propagate by going round the martensite (1979).

islands, while in the steels of intermediate

quenching the amount of cracks is less, and

the fracture of them occurs only at the in-

terfaces due to emerging and coalescing of

m icrovoids.

5. The addition of niobium effectively

refines the ferrite grains and is beneficial

to cold drawing.
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DEVELOPMENT OF 100 kgf/mm2
GRADE COLD-ROLLED SHEET STEEL

CONTAINING RETAINED AUSTENITE
WITH EXTRA-HIGH DUCTILITY

I. Tsukatani, T. Kamei, T. Sakai, S. Hashimoto, K. Hosomi
Iron & Steel Technology Center

Materials Research Laboratories
KOBE STEEL, LTD

Kobe, Japan

ABSTRACT treatment stages: recrystallization annealing and overaging.
Therefore, the process can be applied effectively to retain

A 100 kgf mm- grade high strength sheet steel with a notably austenite.
high product of tensile strength and elongation (TS x It has been established that carbon is one of the most
El = 2800) has been developed by introducing a large amount beneficial elements for retaining austenite. However, sheet

of retained austenite in 0.2%C -2.5%Si -l.5%Mn steel steels with a high carbon content (over 0-2%) are disadvan-
sheet by utilizing the heat cycle in a roll-quenching type con- tageous in applications which require spot-welding.
tinuous annealing line. This sheet steel shows not only good Therefore, it is necessary to establish an appropriate composi-
bendability and hole flangeability, but also excellent stretch tion of sheet steel containing less than 0.2% carbon.
formability when compared with conventional dual-phase The present study has been undertaken to examine the
sheet steels. mechanical properties of multi-phase sheets containing

retained austenite produced on a roll-quenching type (on-
INTRODUCTION tinuous annealing line (RQ-CAL), for the purpose of

developing 100 kgf mm 2 grade cold-rolled sheet steels with
Various types of high strength sheet steels have been us- extra-high ductilitv.

ed as automotive materials for improving safety and for
lowering fuel consumption by reducing vehicle weight. For EXPERIMENTAL PROCEDURE
example, 100 kgfimm 2 grade cold-rolled dual-phase steels
have been applied to door-guard-bars and bumpers.'' Dual- The chemical compositions of steels used in this experi-
phase steels have a number of unique properties, including tnent are shown in Table 1. A series of 0.2% carbon steels
the combination of high strength and easy formability. with silicon content ot 1.5 - 2.5%" and manganese content of

Recently, automobile industries have been trying to 1.0 - 2.5% were hot-rolled to a thickness of 3.2 mom after be-
shorten the manufacturing process of those parts, which re- ing held at 1200 C for I hour. IThe hot-rolled sheets wefr.

quire steels with higher formability. In order to meet this re-
quirement, multi-phase steels containing retained austenite
are now being considered." Table 1 Chemical compositions of steels used (wt%l

The transformation of retained austenite during plastic
straining and the resultant increase in work-hardening rate Steel C Si Iln P S Al

has been used to explain the higher ductility of metastable x1 0.40 0.97 1.51 0.008 0.007 0.043

austenite stainless steels. Steels having transformation-induc- X2 0,38 0.98 2.47 0.007 0.008 0.037.

ed plasticity (TRIP) due to retained austenite were found by X3 0.21 1.01 1.52 0.007 0.0013 0.044 0.0039

Zackay." Retained austenite was also found in dual-phase 04 0.20 1.70 1.49 0.005 0.0006 0.037 0.0008

steels," as first reported by Hayami et al. 2
) It is well known X5 0.21 2.51 1.51 0.005 0.0006 0.036 0.0009

that a significant amount of austenite is retained in steels con- W8 0.21 0.99 1.96 0.004 0.0014 0.048 0.0035

taining about 2%Si when cooled to room temperature X7 0.20 1.67 1.98 0.004 0.0015 0.047 0.0035

through the two-stage bainite transformation regitne. "' '0 X8 0.20 2.00 1.99 0.014 0.0012 0.046 0.0008

This cooling pattern is similar to the roll-quenching X9 0.21 2.44 1.90 0.003 0.0009 0.012 0.0004
type continuous annealing process, which has become widely 010 0.17 1.34 1.86 0.017 0.0020 0.043 0.0035
used in the production of sheet steels and includes two heat
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reheated at 400, 440, 520, 600 and 680 C for 1 hour. After RESULTS
pickling, the hot-rolled sheets were cold-rolled to 0.85 mm
thickness. The cold-rolled sheets were intercritically anneal- EFFECT OF COOLING PATTERN For the purpose
ed at 770-860 C for 2 minutes, followed by cooling to of clarifying the effect of cooling pattern after annealing, the
6C0 7 0 C (r... - tate of 6 to 12 ','- (C1), qu.lChed o incchanicl properties u1 0.2 'zG -2.52,Si -1.5 vn steei
340 460 C, mainly 400 C (T,) with a cooling rate of sheets annealed with water-quenching to room temperature
100 C s, and held at these temperatures for 3 minutes. This and then tempered at 350- 450 C, and annealed with quen-
process simulates the thermal history of RQ-CAL. ching interrupted at 340 -460 C lor 3 minutes were examin-

The continuously annealed samples were tensile-tested ed as shown in Fig. 1. An elevation in the tempering
without skin-pass rolling. Tensile specimens, 12.5 mm in temperature decreases tensile strength in water-quenching
width and 50 mm in gauge length (JIS No. 13B type) or 25 type continuously annealed sheet. Total elongation remains
mm in width and 50 mm in gauge length (JIS No. 5 type), a constant of about 15%. Consequently, a product of tensil-

were prepared. strength and total elongation (TS x El) is about 1700. This
Microstructural examinations were made on a cross-sec- may be due to the negligible amount of retained austenite in

tion perpendicular to the rolling direction. The microstruc- the water-quenching type continuonsly annealed sheet.
ture of each sample was examined by transmission and scann- On the other hand, roll-quenching type continuously an-
ing electron microscopy. The volume fraction of martensite nealed sheet shows about 16% retained austenite and ex-
and bainite was determined by Quantimet image analysis. cellent tensile properties, i.e., tensile strength is about 94

Retained austenite measurements were made using an kgf/mm2 , total elongation is 25% and the resultant TS x El
X-ray technique in the rolling plane of samples ground to is 2300 at an isothermal holding temperature of 400 C. The
half thickness, and were based on the integrated intensities of minimum tensile strength of the sheet is observed at an
austenite 200 and 220 diffractions compared with that of fer- isothermal holding temperature of 400 C. The peak total
rite 200 diffraction of Mo-Ka radiation. elongation and peak TS x El are also observed at 400 C. The

change in volume fraction of retained austenite shows the
same tendency as that of total elongation.

Photo 1 shows the change in microstructures as a func-

800"Cx 2min 12*C18 7001C - T2 - (RT) tion of isothermal holding temperature. The microconsti-
_RT) - T2  tuents of water-quenching type continuously annealed sheet

are ferrite + martensite, though the photo is not illustrated.

110 0. TS

100 o* T2:340TC 400"C 460'C

i- 90
r Et 2400

80 U 2200 _

2000 M

40 1800 u)

--- 1600

30 EI(13B) 1400

200

W --------- 0

10 20
r'R U•-U

0 - 10 >-

0 -------------- __

340 370 400 430 460

T 2 (Cx 3min)

Fig. 1 Effect of cooling pattern of continuous annealing Photo 1 Change in microstructure as a function of isother-
on mechanical properties of steel X5 (Simulated
coiling temp.: 680'C) mal holding temperature of steel X5 after roll-quen-

Solid marks: Roll-quenching type ching type continuous annealing at 800C for 2
Open marks: Water-quenching type min with a first cooling rate of 1 2'C per second

(Simulated coiling temp.: 680'C)
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that of 1,5% nianganese steel having a silicon c otent of 1.7

to 2.5% . Each 1% addition of silicon increases tensile

strenth by 15 18 kgf, ton 2 in both 1.5% and 2.0"

0 . m inganese steels. Total elongation remains almost constant
121 for silicon contents of 1 .0 to 1.7%. However, the increment

t0 in silicon from 1.7 to 2.5% deteriorates total elongation. TS

x F1 in 1 90" man-nese steel increases with the addition of

silicon from 1.0% to 1.7% and remains constant for further

increases of silicon. The optimum combination of tensile

strength and ductility is obtained in steel having 1.5%

manganese and 2.5% silicon.

The austenite fractions during intercritical annealing

- 2t 2 are different in steels used for examining the effect of silicon
*O . * content dire to the change in Ac, and Ac1 temperatures,

i ll because all steels are annealed at 830 C for 2 minutes.

However, it is confirmed that te addition of silicon also in-
"i" I tocreases the volume fraction of retained auster,;'e in sheets an-

nealed at temperatures adjusted to obtain the same ausenite
fraction during intercritical holding.

/ 113 .Figure 3 shows the relationship between volume frac-
$Sit * tion of retained austenite and TS x El. The increase in TS x

000 F! i, -losely related to the increase in volume fraction of

t;3 retained austenite. The data are divided into three groups of
relationship. It depends on manganese content of these

)1"251 steels. 1.5% manganese steel shows a TS x El of 1600, which

is tensile strength of about 126 kgf mm 2 and total elongation

Photo 2 Transmission electron micrograph of steel X5
after roll-quenching type continuous annealing 830_tCx 2min _ 700C -400__ 4 C_ x 3r

110 --- 1.5%Mn 0

--o- 2.0%M TS"

The microconstituent other than ferrite in roll-quenchingeh" 100•
type continuously annealed sheet is martensite with retained
austenite of 10 -16%. Retained austenite is observed not on- go-
ly as isolated particles within the ferrite grains, but also as ag- -

gregates with martensite, as shown in Photo 2. Some of the 0 o

second phase looks like bainite under SEM observation. 80-

However, only bainitic ferrite is observed, and no "bainite" TSxE

with carbide. under TEM examination. 70 - 2400

As a result, an excellent combination of elongation and - 2200 11

tensile strength is achieved in 0.2%C-2.5%Si-l.5%Mn steel 60 - ... 2000O

by the roll-quenching type continuous annealing process. - 0 - 1800

1600
EFFECTS OF SILICON AND MANGANESE CON- 30 e .EKJIS13B)

TENTS ON TENSILE PROPERTIES The experi-

ment has been undertaken to examine the effects of silicon 20 2020 20

and manganese contents on mechanical properties in 0.2%

carbon steel, in order to achieve a good combination of c
strength and ductility by means of retained austenite without 10 lrR 

/  10 -

the use of expensive alloying elements in the roll-quenching

type continuous annealing process. Figure 2 shows the 1.0 1.5 2.0 2.5
change in tensile properties and the volume fraction of retain-

ed austenite as a function of silicon content. The volume frac- Si (w
tion of retained austenite increases as the silicon content in- Fig. 2 Effects of silicon and manganese contents on
creases in 1.5% manganese steel. The volume fraction of mechanical properties of sheets after roll-quen-
retained austenite in 2.0% manganese steel is almost in- ching type continuous annealing at 830 C for 2 min

retaned usteite(Sirnulated coiling temp.: 680 C)
dependent (If the silicon content, and is almost the same as
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of about 12.5% in spite of as tnuch as 23VY retained
austenite.

3200- It is reasonable to assume that the change in ductility as

3000- a function of manganese contents has arisen from microstruc-

2800 tural changes. The volume fraction of martensite increases

2600- as the manganese content increases. Therefore, the increase

2400- in volume fraction of martensite and consequential decrease
0 /  in volume fraction of ferrite deteriorates TS x El in spite of a

2 200 given volume fraction of retained austenite. It is expected
x 2000- that ferrite easily accepts the volume expansion of retained

18007) 0Z 1* austenite which accompanies strain-induced transformation,

1600 - leading to a better exhibition of TRIP.

1400 As the silicon content increases, the second phase

1200 -00- SteelX 1Veomes smaller in size with almost no change in the volume

1000 -A-Steel X2 fraction of second phase though the volume fration of retain-
-a- Steel X3-X5 ed austenite increases slightly. Thus, the increase in tensile

800 Steel X6X9 I strength with silicon addition may be mostly attributed to

5 10 15 20 solid solution hardening.

R M The change in microstructures of annealed sheets as
functions of silicon and manganese contents may be due to

Fig. 3 Relationship between volume fraction of retained that of hot-rolled sheets. Photo 3 "hows the change in
austenite and product of tensile strength and
elongation (by JIS 13B type tensile specimensl mtcrostructures of hot-rolled sheets 's functions of silicon

Solid marks: holi quenched and manganese contents. The structure consists of f:rrite i
Open marks: Continuousl', cooled room pearlite. As the manganese content increases, the xolune
temperature fr,,tin of pearlite increases and its latiella structut

dcvelops. On the contrary, as the silicon intent increases.

the size of pearlite decreases and the cementite in pearlite
becomes globular.

1.0%Si 2.5%Si EFFETCS OF COILING TEMPERATURE ANL

ANNEALING TEMPERATURE ON TENSILE PRO-
. ;' PERTIES Figure 4 shows the effrcts of simulted coil-

ing temperature Tc and annealing temperature T, on the
NP'* 1. mechanical properties of steel X5 annealhd by roll-quen-

rc"' ching type continuous annealing. Elkvating the simulated
""coiling temperature from 440 C to 680 C decreases tettsile

-. :strength by 5 to 10 kgf" trm, increases total elongation by 3
""I' 4 to 7% and consequently increases [S x El. O)n thIe ther

ha had. a low coiling tetp-rature brings about an toe ease in

tensile strength but a deterioration in TS x El. lherefre . a

coiling temperature of'about 520 C' is suitable n term,-s (it (c-
silt' strength and duc ility.--- Z ! • d I| 'Photo 4 sho: s dwe change in scanning eh'tiro

micrographs of hot-rolled sheets as a t'utnlion of simulated

coiling temperature. The lanella structure of pearlite
0 .o, develops in ht-rlled sheet With a hwi r siklatd coilin

temperature, whereas the centntite in pearlite b(anths

S egp oglobular in hot-rolled ast ert with a higher simulated oiling; • , 't .,.;temnperatutre. It is observed by inetallographic examinatio~n

0 ' ', l  . that the nucleation oft' austeni'te iln cold-rolh'd sheet with at
.C-4."*; ,l lower simulated coiling temperature is more likely Ito o(( inr ;t

.' ' " 9 "the pearlite particles duin g -nerritical annealing, ats shwwn

lop/10. ing temiperature-, the transformwiation to austenite is initiated

_ ./ ,, .. .. on the cementite-s distributed in rows. It is assuned that the

Photo 3 Scanning electron micrographs of hot-rolled difference of' austenization resuhs in changes (it nmor-

sheets coiled at 680 C phologies in toartensite and retained aiustenite, though these
difterence, heeimrie small by onger and higher annaling.
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T1 6'C/s 700'C 400'C x 3t'fnf Hot-r olled Sheets. 770-Cx ItminW\NG '1300C, i Smin WO

80- 80
TSxI -2600

70- 2400 -

2200 x

c- Tc: 68dC -2000 I-

40- 1 ()00 1800
-- 520

-0- 4400

30-

20- EI(JIS13B)- 20

10 10)..

770 800 830 860 i
Ti (Cx 2min)

Fig. 4 Effects of coiling (T,, land annealing temperature (T2 ) I pon mechanical properties of steel X51Om W

Photo 4 Change in microstructures of steel X5 before and
Niartensite increases slightly inl volumec frat on w~ith a after anneal ing at 770 and 800 C for 1 min as a

small change inl retained aUstcnite content isthe coililig function of coiling temperature
tiernlrat nr lii dereases. Apparent iff e rences of ten sile

strength and ductility doe to (han ge ill the co ilinig st ren gth of'i about I10) kgf' ni itt2 is achieved at a q neoc hin iZ
tenmperature are believed to airisc frorri the differences in temperature of 751)C. However, ats the( qticoc linii

martensite content andl morphology, ats well as the difference temiperature is lowered both tensile strength and tot~al elonlizi-

in ret aiFned an stenoi te inl s:'i 6il it v against strain i nduced t ion dlet erior ate whIsile l eldf strength ill( teases.

Iransformatrio n. Photo 5 shows the change in transmission cctroti
A dcrease in an nealin g t tope raturt f rotm 8611 C to mic t'rograph s as a fu nction of quenchit i OTemC perat ure. - i i

80i0 C' i tic reases tenliIc sti r ngthI andi du( reases total cdon ga- m icrostruetutres con sist of" ferrite with high den sit v dish iia -

ti ott whit [I aire rem arkabile it Sheets cI oiil at 440) C A fulr- t iont which miay' bc baini tic ferrite. osarte ns ite and retained

ther decrease itt annealingtem01peratuitre rapidly decreases t eni- aot nit Vit W11hen theil t' JUII ut gE I tpen tire is Ii ie rl- to

silt' strength arod total elongation rema~ins constant. 'lThe 651 C , pewtrlite is observed though no chatige in the Itartets-

dec rease in til st' trentIh at 7701 C anitneal in g may be dlue to site' (list rilittion is observed. T Ihe i itrodu- 1 (tion d 1 earl itt'
1111npet 1)1 )11;u sten izatin. as sho0wFI in Photo 4. The peak dect erio rates the siren gth anid d uctil its . '[lis resulIts Inrom thle

T'S x El is obtIatined il shbeets an nealed at 801) C to 83(1 C . t ransfotrmtatiotn fronts austen it' ito pt'arl ite during thle first cool-

Th is peak is prestu med~ tot arise f ront the et richnien t of in gof0 C' per Secoind

atistettite with carbotn dturinig intcrt ritit al anntealing and( Onl the( other hand, in the c ast of aI first cI olili rI' of(i

fritln the stability of retained ausitite~c 12 C per scord., both tenisile strength anld total elontgation t'e'

main at Ihigh levels in Sheets annealed at Itemiipernatutre ralt -
EFFETCS OF FIRST COOLING RATE AND QUEN- ing frotm 75)) to 65iS C .Therefore, a igh TIS x 1-l of 29001 is
CHING TEMPERATURE ON TENSILE PROPER- achieved event though the( she'et is quenchled at 050l C' .'A loss

TIES Figurc 5 shows tl, It' ll'ee'Is oift hi' fir'st cooling rate qtienc hinItg t em peratucire is convteite nt ftor P rioluitt ont thet
ant Itirti ig Iitirpe'ratitri T,. otil t h' mtcban ical prope'rtii's actual pr(css li ne.
of sIt't'-l X 5 heated'c at 520 C fitr t hi si mulIatijed t coiig treat- As thIe simltu lat ed coilitng Ittmp'e~ rt' is Ioi 'ti thli

me'rit anrd antinealttd atl 800) C for 2 inn. I t fbi' cast' of aI fi rst quienIt('ing tetmperatuiire at which hi gh tecn sile s1tr'ength an III).1

cooling rate of"f (' C pr Set ond, in ix( 'll'nt combination itf 'xi'illi'it combination of'stnt'ngth and dtictility' are IttiaiItI

275 clortgatiiir ('2.5 iit in width tensilie spi'cimi'n) anld bigh id iii'reasi's anid tiensile stringtd) ill( e-ases 1iltltzli 1"ii1

545



elongation slightly decreases. Consequently, sheet heated at I
a simulated coiling temperature of 400 C and quenched from T-65 C70C
600 C after cooling at a rate of 12 C per second shows a ten- -
sile strength of over 100 kgf/mm 2 and an excellent TS x El of A
2700. Increasing the first cooling rate from 6 to 12 C per se-
ond results in tl,. jcnicial suppression of pearlite transfor-

mation without preventing the formation of polygonal ferrite
during cooling.

EFFECTS OF COILING TEMPERATURE AND QUEN-
CHING TEMPERATURE ON HOLE EXPANDING
LIMIT It is thought that TRIP steel may not be (5
suitable for commercial applications which demand stretch
flangeability due to a lack of localized elongation, even
though the steel shows high uniform elongation.°0 Thus, the
following experiment was undertaken to improve the hole ex-
panding limit as a characteristic parameter of stretch
flangeability.

Figure 6 shows the effects of the simulated coiling
temperature and quenching temperature on the hole expan- 0
ding limit of steel X5 annealed by roll-quenching type con-
tinuous annealing. An elevation in simulated coiling
temperature brings about an increase in the hole expanding (0

limit and lessens the effect of quenching temperature on the 0Z

h'le expanding limit. The hole expanding limits at simulated
coiling temperatures of 400 to 520 C are low in value but are

8000Cx2min To--4OCxmin .
1 _ - - -Photo 5 Change in transmission electron micrographs as a

100_ function of quenching temperature of steel X5
T "-- / ,TS after roll-quenching type continuous annealing at90- 800'C for 2 min with a first cooling rate of 6 C per

SxEI 3000 second (Simulated coiling temp.: 520'C)

E 2800
E 80-C5ai 2600 Cu-

12*0wl~ts TO 400t xmi
-2400 800Cx2min To 4O.x minm 70 I- -

-

-1800 Tc

do0 D 1600 -0- 680'C

0 55 -3-- 600
0 , -0- 520

50 Tc C1  50- 400

0~- -5 20" - e "C/a voz ( 0q 0..

40 -0- 401 - 12"c 45- -

30 l <40 -

20 C2---0 -20 35-f "R
10 1 O 30

I I I I

o60 6 5L 700 750 0 550 600 650 700 750

To( C) To VC)

Fig. 5 Effects of first cooling rate (CI) and quenching Fig. 6 Effects of coiling temperature (T,) and quenching
temperature (To) on mechanical properties of steel temperature (To) on hole expanding limit
X5
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(TO) 2.5%Si -l.5% Mn steel sheet by utilizing the heat (vIc ot

800Cx2min 2"cs 750- 10o001 400Cx3min RQ-CAL. An accumulation of press forming data is also rc-
550 Tc quired since practical applications usually involve various

o -o- 680c types of forming processes. The press formability of ne Kl
50 .- 0-s 00 developed 100 kgf'/tm 2 grade high strength sheet steel is

50- _-)-620
0--400 evaluated by various press forming tests in the laboratory.
St0\l xI and is compared with conventional 100 kgf mm 2 grade high

0 (0.2C-2.5S- M

40 - W strength cold-rolled dual-phase sheet steel produced by
"'- water-quenching type continuous annealing. This Jual-

" • phase sheet steel shows one of the best press foriabilities o
30 it"l 0 100 kgf/mmn2 grade sheet steels put to practical use, such as

t0.trc-1.34si-.. 8Mm i in door-guard-bars and bumper reinforcement for
automobile bodies,

20 85 90 95 10 105 110 Press formabilities investigated itn this study were be-

dahility, deep drawability, stretch forijnability, conical cup
TS(kgf/numa) formability and hole flangeability. Tool dimensions, forming

Fig. 7 Relationship between hole expanding limit 2 and conditions and the experimental results of these press forn-
tensile strength ing tests are summarized in Table 2. According to Table 2.

it is apparent that the newly developed sheet steel having a
superior combination of strength and ductility produced b\

roll-quenching type continuous annealing shows not only
T7 600"C 750°C almost equal bendability and hole flangeability, but also ex-

! ch formability compared with cotnventional dual-

phase sheet steels. Therefore, the newly developed sheet steel
is expected to be suitable for various applications requiring

press fo~rming.

7 DISCUSSION

A EFFECT OF SILICON Roll-quenching type con-

tinuously annealed sheets show extra-high ductility corn-
pared with sheets which are water-quenched to room

800"Cx2min 12°C/s T- 400"Cx3min temperature frlom intercritical annealing and then tempered
at 350-450 C Roll-quenching, followed by isothermal

Photo 6 Scanning electron micrographs of punched edge holding at 401 C for l minutes is benefically effective in in

(Simulated coiling temp.: 400 C)hodnat40(fo3miueibnft avefcieili-
troducing retained austenite. Silicon addition results in a

significant increase in TS x El in roll-quenching type con-

tinoisly aninealed sheets, indicating atl improvement ini dt -

improved byv decreasing the quenching temperature. The tility. even though silicon increases the tensile strength by

hol e xpand ing limits are plotted against tensile strength in solid -sollu tin hardening.
Fig. 7. At a simulated coiling temperature over 52) C, the It has been reported that a significant aisount of
hole expanding limit iscreases as tensile strength decreases. austenite is retained in sheets containing a middle to high car-
This relationship bte(- n the hole expanding limit and tcn- bon content by cooling to room temperature through the
sile strength is superior to that of conventional composition two-stage bainite transformation regime. However, there
steel, steel X 10, annealed by roll-quenching type continuous has been no investigation involving the 0.2% carlbon steel ts-
annealing. Furthermore, at a simulated coiling temperature ed in this study, which is able to apply to spot welding.
of 400 C, a decrease in quenching temperature to 600 C int- Stabilization of the austenite at room temperature in-
prowes tin- hole expanding limit t a given tensile strength. d icates that at some stage during the bainite reaction the
This may be dlue to the change in formation of the micro- austenite becomes enricbed with respect to carbon. The
(racks (hiring punching caused by second phase, as shown in isothermal transformation in the bainitic region does not

Photo 6, and the decrease in solute carbon content leading always retain austenite. It depends (n the presence of silicon.
to beneficial suppression of the crack propagation in hole ex- Silicon is known to inhibit cementite formation during the

panson. tempering reaction in steels.'-) This is generally explained by
the relative insolubility of silicon in cementite requiring the

PRESS FORMABILITY As mentioned above a 100 diffusion controlled ejection of silicon at the transformation
kgf/mm2 grade high strength steel with a notably high pro- front which in turn results int a silicon concentration build-up
du(ct of tensile strength and elngatiom has been developed by tduring an early stage of growth. This locally increases the ac-
introducing a large amount of retained austenite in 0.2%C, - tivity of carbon so that the t arbon flux is reduced and further
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rieveb poic nt if' the cementitre enmbryo s is inhibi ted"' holding tenmperatrei after an annealing at 850 C' fo r 10 [i

hltrough details if bai tiit e trals formlat ion inl Steels u serf They have also showed the maximum content of ret ai ned
it, this studs- have no t becir clarified suff'iciently, bai nit ic fer- au sten ite atl 400 C ,except in cases of extremely shortn or pro -

r-ite w~t It carbidle %%as observed. It is thought that this longed isothermal holding. According to Shinoda, the(

bainitic ferrite results lin the inhibition of carbide prec(ipita- microconstituents are bainite +- retained austenite i miarten-

lion dIu e to sil ic oit Th e pr-everttion of carbide format ion (cor- Si te at at lower isothermal holding temperature, air(d hain ire

responi iigI leads to a lhighi concet ratiton of' carboni in + ret ai ned au sten ite at a higher temperaure. And ridthe

ast I t IIC. xe bai txit e tran sformrtat ion is aI Ii flu siottless strentxgt h probably decreases as the i sot henmal holdrIinig

rtt a i iin lit %% hi cl thre gilowth ft i a shea I occurs lxy ftc temperature increases.- However-, it is important to note- that

it ar1t ei( pro i xiipagat ion if Suibutnits, and the redist ribt ion the mic rocon stt ucots are ferrite (including haitiit ic ferrite)

Of aiitl front these Subunits to the residual austettite occtlrs + riarterisite t- retained austenite. which are inidependrenxt

afOtr ilie itic toal t ratisfotrmt iont h is ta;ken txplace. Cr rix sequet of the isothermal holdinrg ternpe rat ure wit hin rith preset

Iv . ili stcnitcr is ret a inetd clure to at lowered Mts po init by ft(x st udy, and the nmin imumor tens if' strength is obt a ined atl ain

'.11rirfi1r1irt (if, carxirr everi after cooling tor roomn isotherrxal hotlding temperature of' 400) C as shown in Fig.

tt-trixir t Uin-. 1 . The transfornmation frota austenite to bajixitic ferrite (,)ii-

[lielitit, allStenlire is observed riot ontly as aggregate tamned noi carbides due to rthe presence of'silicox during the

wi rita r i site, hoit alsoi as i slattds withlxi ferrite grainus. The ha in ire reaction, which is assu med to he mostly proo te d at

1(il.l it a int- i-ilarstelxitr-cl at heetxp1ainier by t Itt ahirve- uteri- at remtxperatre itj~u st aboive the NI S poinit (380 C'. -cak of at cr

niit-i di hpthcfirss. f-I o.c r-s- thfir lttler- iso laterd retatintedl- vailu e). C onsequenorly,- the en ri(-hmrient of carbxt itt artste nit e

a is ti-i tt r -t (clis or av fhe c a riserf by their smxall Sizie sintice cc-uirs an txrhrIe peak \-t oxe fraction oif' retained a~iti itC r is

Iris iiilthit s thxeir t ranrtisorrinatiion ito martexsre aixd rtav also rhiruglit tio be obtained atl 4(00 C' . TI'e ee-ation in isothrrmal

fir r .o i-rf by th fir- li afic~rh ttion otcit rat irr of aulstecixit r- holding temperature oxax- decrease the carbon concentrrat iont

is fur It i-srI ai-fte r srfi( tcnlt ix tc I-rt i -al ir o-ali ixg Ii 15crs tfir- to residual austen ire, whichI is not enough to retain aust en ire

\Is (illt -silt( c- .irlstI-liiation is inlititr oii tie irlxirs if atl rootr termpferatture, caused by the retardation of bainitic

fwli ferrite transfrmation and the increase in the solute carbn
c-rontet of' ferrite.- This residlf aust en ite is tought tor be

EFFECTS OF CONTINUOUS ANNEALING CONDI- transformted into twin-itarteosite during Sulbsequenit crt'tling

TIONS I lt- peak rluicr tracrtiont of i-itittt( altstrtr antI to bring aborut an inxcrease itt strength. On thr' othr

Is tiilvd it an istttlrtriiral hofliing tr-tlrftr-ratrr (or iris- hand, if' tixe iscotheroxal holrdirng tetmperature is lowevr then

ti-tiifli- ii-tiifhi-tltiir( rof 40)) L' iii si'il X'5. as shiriss Iiit Fig. 400 C , it is reasonable tri assumte that lathx-rnart esite- is

1. shillodaf~ I '& trkisr texamliine lle fr chiaing-te in ir lluir- dirtectly friilet frotit atIstliite Withorut the bairtirt rr-act etlx

iit l T ur-tititf inisteliitt ill ai spini t i SUP' 0 aitrfilsir biritigs abourrt at increase li strrengthi.
it'(-I7 CSi-)) ( Mix) ats a it ultiti of the isoit-ermail fhloiw ratngr' cf itrrritical rutirattlreS IS .Ipplirrd

Mechanical
propeties Deep Stretch formability Conical cup Hl

steel T formiability Bendability
Y S TS TE.2 drawartrlity fiat pnhS pherical IS1 7)1iangeablity

- ~~punch (Ii7

D ,, 3mo - 0,m~r 4m

-- 03- -8m

6ilrii' size - y66mnI d; *isn ii. N~ -$42-m i -O-4 4nn

B H F 6 65ton Bi,, st~,- H F - 6 5lon

methodl~- - - - I D,

Liiigd,-Hii9 Maimum brinn he.ih I Conical cup Hoe p-d-. Mi numrat.o L DR H. mt ie -- , bending
H- olmi-e~ 

1
. ~ iinm

2.41 6.90 11.7 38.4 43.3 1.0

43.2I I0.14. Table 2 Tool dimensions, forming
sto 2.3 4.53 8.65 

t
Illposs ble to 4. 10 conditions and formabifities

74.5 105.9 16.0 beote of steel sheets
0 A A A 0 0)

Excellent 0~0' ~Poo,
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for annealing in tl.is experrimeiit. When the annealing though it is expected that the carbon content in austenite of

temfperattire is lower, slow dissolution of carbides becomes steel X5 is higher than that of steel X8 due to the different

rate- conotroll inrg and it takes a long time to attain art silicon and manganese contents. Accordingly, distribution of

equilibrium proportion of' autisenite. Undissolved carbides the martensite phases, as shown in Photo 7, roost also in-

arc found when the sheets are annealed at 770 C ' Just above fluence the transformation behavior from retained austenite

the Ac, temperature, ats shown in Photo 4. This implies ain to martensite during tensile straining, and consequently in-

insufficient enrichment of austenite with carbon, and results fluence ductility. Ferrite has a superior ductility because it is

in a smiall quantity and poor stability of' retained austenite softer than martensite. Also, ferrite easily accepts the volume

after the hecat treatment that deteriorates both strength and expansion of retained austenite which accompanies strain-or-

elongation. On the contrary, excessive heating such as in the duced transformation. Besides, the ferrite phase around

uipper range of intercritical temperature and in the austenite isolated- retained auscenite is presumed to relive external

single-phase range is thought to bring about a poor balance stress because the ferrite also accepts deformation.

between strength and ductility. This is caused by the Therefore, strain-induced transformation occurs gradually,

decrease in retained aristenite content and the lowering of its leading to a better exhibition of the TRIP effect. However.
stability due to an advance in the homogeneous distribution the presence of martensite is thought to diminish this effect.

of carbon in ausrenire. The retained austenite exists not only as aggregate with

martensite, but also near martrnsite particles in addition to

RELATIONSHIP BETWEEN RETAINED increasing inartensite volume fraction in steel N8, in com-

AUSTENITE AND TRIP The effects of' retained parison with steel X5, as shown in Photo 7. Most of' the

austenite on ductility enhancement provemnent were discuss-

ed for dual-phase steels.>1 5
" How~ever, the contributions of'

retained austenite have not beetn fully understood because it
-.-.- St~eelt

is doub1tful that the relatively smiall atmoutint of ret ai ned 1000 - d ** .

an Isten it e and the comletion of' its t ran sforniat ion into s-

mnartensite in the early stage of deformiation could contribute 800 n , 0.3

to such improved ductility. In the present stud, the contribol- 8 W

tions cani be ttore cleairlv~ stutdied becaus Sc ill tlarge 1
allIO~nr tIautllt ond ihe -ri i 15 400-

t v. ~..0
Figure 8 shows thle change in ilie voluii o fraction of10200

re tainedf austetlite and work-hardenint ragt i s at fu nit ion of -

ternsile- strain. Hot -rolled shieet if'sit-el N 5 was held at 400 C(

teiprttr N ya 2( .Bthsr--s ee tttl0 2 4 6 8 10 12 14 16 18
tmeaueof steel X wis50CBohtelwreeadTrue straints 10-2

at 800( C for- 2 film. air-cooled at at rant- of 12 C per sc-crirr !oi Fig. 8 Changes in work-hardening rate and volume frac-
650) (Iricrehedi t( a ratt- of abouit l00 C per second to tion of retained austenite as a function of tensile
4001 C . hIret for :3 omi arid coled-t to room remrper-atture. The strain

rmcnIgt fiandI rtitilitv balance of' sir-i- X5 dlifferedl friomi that

If SterCI N8O.V eve rtoM tgh these.,( stICs litriit th satC ir - ________

toln i t frar ii on uif' ri-iainted auti iiie atri almost r fir- satiti Steel X 5 (To -400t) Steel X8B (To 520VC
ti-tisile- sirengrth . The TS x El is 2680 I oi steel N 5 antI] 2 16

for steel NO. Stir-I X5 shows at large- n-value e-n-i in a igth

strain of orver 201 , T hi- vitltie hfrtion rif ri-taine I

aristiiiti- der-ttast-s gradlually with c~rfeiitt frot 14.6,,
bieftrre derformration to 2;; afti-r straining tt Uniform) C10orsr

lt in Th flt-ictre-ase- is rat]serf by strait]- intluctrt traisfi ris- a

ito an rillh- accotmpantyitng large- wirrk-hardr-ting ri-stils if)

ittiirttvel c-Irngal in.
( )ri ill- otrher hand, ilir- (Ie(riaset- il ln- vitltittie frai (io

of rt~inedi ausit-iiti of stit-l NO is mreir rapnid thtan that of

st-e-I N5, i-specially iii tinl- tarly stage- oif st raining, aI( thei L
rai trantsfotrmatioin frton re-tainedc autisnniti- to niarti-nsie4

piobbl eteirte-s ettnrgatittrr. This dhifferene tiay be at(-lp
triltcrrdrtn iti-lt re oif ri-tainrif atistenii- in ilii- slabililyI

againist staiti-itrrhtirt-i traitsitratitn ats ri-stilts of' tht dtli- Photo 7 Effects of silicon and manganese contents on
ft rt- ni tarittin it ntcit anil sr-ri nd -phas- ifli st ri btiorpn. m icrostructure of roll-quenching type continuous -

No appfarent tevidlence with re-spe-ct tinl( thcarbon con ly annealed sheets at 800 C for 2 min with a first

nni iii aisn-o-ll wats rh-itt-cl fry N-ray dliffrac-tiotn analysis, coiling rate of 12 C per second
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retained austenite in steel X8 may easily transform to 3) 0. Matsumura, Y. Sakuma and H. Takechi: Trans.

martensite in the early stage of straining because the external ISIJ, 27 (1987), p570
stress directly propagates to retained austenite through the 4) V.F. Zackay, E.R.Parker, D.Fahr and R. Bush: Trans.
hard martensite phase. The presence of martensite is one of Am. Soc. Mat., 60 (1967), p 2 5 2

the reasons why strength-ductility balance is not good in 5) T. Furukawa, H. Morikawa, H. Takechi and K.
spite of as much as 14% retained austenite before deforma- Koyama: Structure and Properties of Dual-Phase
tion. Steels, ed. by R.A. Kot and J.W. Moris, AIME, New

York, (1979), p2 8 1
CONCLUSIONS 6) S.J. Mates and R. F.Hehemann: Trans. Met. Soc.

AIME, 221 (1961), 179.
For the purpose of developing a 100 kgf/mm' grade 7) R. Le Houilier, G. Begin and A. Dube: Metall. Trans.,

high strength sheet steel with notably high elongation greater 2 (1971), 2645.
than 24% by utilizing transformation-induced plasticity of 8) V.M. Pivovarov. L.A. Tananko and A.A. Levchenko:
retained austenite, the effects of chemical compositions, hot- Phys. Met. Metallogr., 33 (1972), 116
rolling conditions and continuous annealing conditions on 9) H.K.D.H. Bhadeshia and D. V Edmonds: Metall.
the mechanical properties of 0.2% carbon steels were Trans. A, 10A (1979), 895.
studied, and the key findings are: 10) J. lwaya, Y. Tanaka, M. Miyahara, K. Korida: The
I) Roll-quenching type continuously annealed sheets show Proceedings of 1988 IDDRG

extra-high ductility compared with sheets water-quenched 11) M. Sudo, 1. Tsukatani and Z. Shibata: Kobe Steel
to room temperature from the intercritical annealing Enginieering Reports, Vol. 37, No. 2 (1987), p5 4

temperature and then tempered at 350 450 C. Roll-quen- 12) W.S. Owen: Trans. ASM. 1954, Vol. 4 6 ,p 8 12
ching. followed by isothermal holding at 400 C] for 3 13) K. Shinoda and T. Yamada: Netsu shori (J. Jpn. Soc.
minutes, is beneficially effective in introducing retained Heat Treat.), 20(1980), 326.
austenite. It is believed that the increment of elongation in 14) A.R. Marder: Formable HSLA and Dual-Phase Steels,
sheets annealed by the RQ-CAL process results from the ed. by A.T. Davenport, AIME, Chicago, (1977). p8 9

transformation of retained austenite during plastic strain-

ing and the resultant increase in work-hardening.
2) Silicon addition results in a significant increase in TS x

El in roll-quenching type continuously annealed sheets, in-
dicating an improvement in ductility even though silicon
increases the tensile strength by solid-solution hardening.
The effect of silicon may arise from the increase in ap-
propriate stable retained austenite.

On the other hand, it is observed that the addition of
manganese deteriorates the total elongation though the
amount of retained austenite remains unchanged. It is

assumed that the effect of retained austenite on ductility is
small, because the retained austenite transforms in the
beginning of the straining process due to the presence of

martensite.
3) As a result, a 100 kgf/mn 2 grade high strength sheet

steel with a notably high product of tensile strength and
elongation (TS x El =2800) has been developed by in-
troducing a large amount of retained austenite in 0.2%C-

2.5%Si-1.5%Mn steel sheet by utilizing the heat cycle in
an RO-CAL process. This sheet steel shows not only equal

bendability and hole flangeability, but also excellent
stretch formability compared with conventional dual-

phase sheet steels.
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EFFECT OF COMPLEX PRECIPITATES
ON MECHANICAL PROPERTIES IN

Ti BEARING HSLA STEELS

Shuji Okaguchi, Tamotsu Hashimoto, Hiroo Ohtani
Technical Research Lab.

Sumitomo Metal Industries, Ltd.
Amagasaki, Japan

Abstract the characteristics of complex precipitates is
not well understood and the effect of complex

The effects of Nb and V addition on mecha- precipitates is not yet clear on mechanical

nical properties and recrystallization behavior properties of Ti bearing steels.

of austenite were investigated in Ti bearing The main objective of the present work was

steels, by comparing with the solubility and to investigate the effect of Nb and V additions*
on the precipitation characteristics and recry-composition of precipitates. Addition of Nb salzto faseiei ibaigsel

decreases the tensile strength of Ti bearing terms of ic stuct n T trngth

steels reheated at a low temperature and in-

creases the toughness of Ti bearing controlled evaluation. And mechanical properties of Ti,

rolled steels, whereas addition of V increases Nb-Ti and V-Ti steels were examined considering

the tensile strength and scarcely increases the the correlation among precipitation strength-

toughness. The addition of Nb is effective in ening, recrystallization and complex precipi-

increasing the solubility of precipitates in Ti tates with using thermodynamics model for com-

bearing steels through the formation of complex plex precipitates.

precipitates, while the addition of V is little
effective. It is concluded that the differences
in the mechanical properties arise from the
different solubility of the complex precipitates The s

in N-TiandV-T beaingstels.Three series of steels (Ti, V-Ti and Nb-Ti)
with the chemical composition shown in Table I

I. Introduction were melted as vacuum-induction melts and cast
in 150 kg ingots with a base composition of
0O9wtlC-O. 4wtiSi-l .6wt%Nn-O.O3wtAl-O.OO2wtN.

In recent years Ti is more utilized in high Aftsaknwt 1.6,the ingts were hot

strength low alloy (HSLA) steels to improve the After soaking at 125 0sC, the ingots were hot

mechanical properties of controlled rolled forged to 150 mm thick slabs.

steels. Because aicroprecipitation of Ti carbo- Table . Chemical compositions of steels used
nitrides brings about retardation of austenite (wt )
recrystallization and precipitation strength-
ening of ferrite matrix. Addition of Ti in-
crease both strength and toughness of low carbon Sfrl- Si Ml N, V Ti N

steels. Ti 0.09 0.45 1. 60 0 -0.13 0.002.1
Addition of Nb or V in Ti bearing steels NI1 Ii 0.(09 0.I I .57 0.027 0 -0.13 0.0023

can lead to formation of complex carbonitrides V ''i 0.09 (.43 1I. (1.05 0.03-0.13 0.0022
(which contains at least two metallic elements
in precipitates), since the binary carbides and
nitrides of these microalloying elements are
mutually soluble because of their Bl type struc-
ture. Reports are available on the presence of
complex precipitates in Nb-Ti1 .21 and V-Ti1 ' 3

steels. The formation of complex precipitates (2) Precipitates in Ti bearing steelsAfter reheating to 1050 %1250°C for lh, the
may change the stability of carbonitride pre-
cipitates, so that the addition of microalloys slabs were rolled to 80 mm, and cooled to 780°C

ciptats, o tat he ddiionof icrallys for finishing rolling in a laboratory mill. The
(Nb or Ti) is expected to influence the mechani- finish rolling in a laboromill The
cal properties of Ti bearing steels. However, finish rolling reduced the plates from 80 to 20
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mm, by finishing temperature at 700°C to be III. Results and Discussion

cooled in air. Some steels were solution

treated besides controlled rolling. Test pieces III-1 Precipitates in Ti bearing steels
machined from controlled rolled plates were

reheated to 900%1250°C for 5h followed by water Figure 1 shows the distribution of precipi-

quenching. tates in the three types of 0.13wt% Ti steels

Precipitates were extracted with carbon controlled rolled after reheating at 1150°C.

replicas from some specimens, for observation The number of large precipitates (1000 A) is
with TEM and quantitative microanalysis by STEM- larger in Nb-Ti bearing steels than in Ti and V-

EDX. Volume fraction of precipitates in solu- Ti bearing steels. This difference in precipi-

tion treated specimens were extracted electro- tates means that the addition of 0.03wt% 1o

chemically for chemical analysis, decreased the solubility of carbonitrides during

Tensile strength and Charpy 50% FATT were reheating treatment, because large particles

measured in the transverse direction of control- (>100 A), as shown Fig. 1, are usually formed in

led rolled plates. austenite at a high temperature. From Fig. 2,

morphology of the precipitates in Ti bearing

(3) Recrystallization of austenite steels is classified into two types; spheroidal

Static recovery and recrystallization kine- particles (a) and cuboidal particles (b).

tics after hot deformation of Ti-bearing steels Cuboidal particles were mostly observed in the

were investigated by means of interrupted com- steels reheated at a above 1100°C, while sphe-

pression testing. By using the computerized hot roidal particles in those reheated at low tempe-

deformation simulater equipped with induction ratues. Both types produce identical electron
heating system under a vacuum, the compression diffraction patterns of the B1 type structure.

testing was performed.
From the true stress-strain curves, the

percent softening taking place during the inter-

val of the interrupted compression X was evalu-(a) (b)
ated by following equation

Om - V2

X = -m - -y

',-hcr2, "Tvi, -m : 0.2. offset yield stress and

flow stress at a strain of 0.32 5000A
in the first compression

-Y2: 0.2% offset yield stress in

the second compression

The cylindrical shape compression specimens

with a diameter of 8 mm and height of 12 mm were

machined from controlled rolled plates of the

base (Si-Mn), 0.03wt%Nb, 0.07wt%Ti, O.1lwt%Ti

and 0.03wt%Nb-0.O5wt%Ti steels. After reheating

at 1200 C for 5min., the specimens were kept at Fig. 2 Electron micrographs of extraction

the deformation temperatures ranged from 850 to carbon replicas showing two types of

1100°C for Imin., followed by the first compres- precipitates particles ((a) spheroid,

sion with a strain of 0.32. The deformed speci- (b) cuboid) in 0.03wt%Nb-0.OSwt%Ti re-

mens were kept isothermally in the various heated to 1100C. Both have an identi-
periods of time from 0.1 to 10000 s, and then cal diffraction patterns correponding to

the second compression was given in a strain of the BI rock salt structure.

0.32. The strain rate of first and second com-

pression was 1 s.

I(a)
9 51im

Fig. 1 Micrographs of extraction carbon replicas of: (a) 0.13wtTi, (b) 0.03wt%Nb-0.13wt%Ti and (c)

0.O5wt%V-0.13wt%Ti bearing controlled rolled steels, reheated to 1150'C prior rolling.
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Figure 3 shows the STEM-EDX analysis of Nb increase by addition of 0.03wt% Nb both in

to Ti ratio in two types of particles for Nb-Ti O.05wt% and O.13wt% Ti steels below 1200 C.
bearing steels. Metallic elements were mutually However, addition of 0.05% V makes a slight

soluble both cuboid and spheroid. The ratio of contribution. Above 1200°C, the amount of pre-
Nb/(Nb+Ti) in spheroid is relatively high and cipitates decreases to a level for all Ti bear-

changes largely with Nb/Ti balance in steels and ing steels. The results of STEM-EDX micro-

reheating temperature. On the other hand, analysis of precipitates show a considerable

Nb/(Nb+Ti) ratio in cuboid is fairly low and has difference in solubility of complex precipitates

little dependence on Nb/Ti balance and reheating between V and Nb. The V/(V+Ti) ratio of preci-

temperature. Figure 4 shows the results of pitates in V-Ti steels were extremely low while
microanalysis of precipitates for V-Ti bearing the Nb/(Nb+Ti) ratio of precipitates in Nb-Ti

steels reheating at 1050 and 1200 C. In con- steels were relatively high.
trast to the above, V/(V+Ti) ratio in both

cuboid and spheroid in V-Ti bearing steels is 0.20
extremely low and scarcely depends on V/Ti (

balance and reheating temperature. This sug- Ti V Nb

gests that Nb is significantly soluble in sphe- 0.| - -" -_~ a| 0.05 - 0

roid whereas V is only slightly soluble both in 015 o0.5 - 0-03
cuboids and spheroids. 0.15 00-13 - -

0 0.13 0,05 -
"-. 0-13 - 003

0.4 0.041%Ti 0.063.Ti 0.132%T0
U O 0.10

0.3-

.2 0.05- 
AL-.i _

0.2-

0.1 '0p
1 0-900 1000 1100 1200 1300

01 j - - I- I Temperature (C)
1050 120 1050 1100 1150 1200 1050 1200

Rehealrg ternfwalure () Fig. 5 Effect of 0.05wtV and 0.03wt%Nb addi-

tion on the amount of precipitates in
Fig. 3 contents of Nb in precipitate particles .05wt%Ti and 0.13wtTi bearing steels.

in 0.03wt%Nb-Ti bearing controlled

rolled steels. As described above, addition of Nb changed

the precipitation characteristics in Ti bearing

steels. Addition of 0.03wt% Nb increased the
fraction of Ti carbonitrides and Nb were consi-

0.067% Ti 0.126% Ti derably soluble in the precipitates both in

0.0-0 O £S herod controlled rolled plates and solution treated
specimens, while addition of O.05wt% V were

= -- • cuboid j ulittle effective in increasing the fraction of

Q the precipitates and V were scarcely soluble in

the precipitates.
These differences between Nb-Ti and V-Ti

0 0.05 steels, can be related to the different solubi-

lity of carbonitride precipitates
5 )

. The

O0.03wt% Nb addition in Ti bearing steels de-

.. " . creases the solubility of Ti carbonitrides in
>I austenite corresponding to large solubility of

1050 1150 1050 1200 Nb in the precipitates. Therefore, the amount
of precipitates in Nb-Ti bearing steels will

Reheating Terrerture ( C) increase and consequently the amount of soluble
elements in austenite matrix may be smaller in

Fig. 4 Contents of V precipitate particle in Nb-Ti bearing steels than Ti bearing steels. On

0.O5wt%V-Ti bearing controlled rolled the other hand, 0.05% V addition will have lit-

steels. tle influence on the solubility of precipitates
since V is scarcely soluble in the precipitates.

Figure 5 shows the amount of precipitates The solubility of precipitates in austenite

electro-chemically extracted from 0.05 and of Nb-Ti and V-Ti bearing steels can be esti-

0.13wt% Ti steels added 0.O5wt% V and 0.O3wt% mated, by using an iaeal solution model for
Nb. The amount of precipitates decreases in all quartenary precipitates. The model

5 ) 
assumed

steels at higher temperatures: a significant that precipitates was stoichiometric with Ti and
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V or Nb on one sublattice, and C and N on the 111-2 Recrystallization of Ti bearing steels
other, and that precipitation species had com-
plete mutual solubility. The enthalpy of mixing Softening kinetics after hot deformation of
and the charge configurational entropy of the HSLA steels were investigated by means of the
matrix were neglected. The model can estimate interrupted compression testing4).
the equilibrium chemical composition and frac- The dependence of the amount of softening
tion of precipitates at a given temperature, taking place during the interval of unloading on

Figure 6 compares the analyzed and calcu- the time of unloading is shown in Fig. 7 for the
lated values of Nb, V and Ti in the precipitates base (Si-Mn) and 0.11wt% Ti steels. Figure 7
of Nb-Ti and V-Ti bearing steels solution
treated at a temperature between 900 and 1250°C.
The chemical analysis of Nb, V and Ti agrees "100T---------------- --------
with the prediction based on the complex preci-
pitates model. The model can predict both the I009C

low solubility of precipitates in Nb-Ti steels X80 I000

and the low V/(V+Ti) ratio of precipitates in V- /1-9

Ti steels. And another calculation for the

precipitate in controlled rolled steels, it is Q0 60-
suggested that the cuboids and the spheroids may - .. . ... .
be the complex nitrides formed in the soaking
(1250'C) before hot forging and the complex 7 40

carbides formed in the soaking (1050%1150) be-
fore rolling. -

U20
!_ _,__,C) ,0(950T)

'
> te) (a) 0_ 10-1 100 101 10Z 10 3  10 4

n 003 open: V in V-Ti
sotid:NbinNb-Ti Holding time ( s

2Fig. 7 Effect of holding time and temperature

0.02- on isothermal softening after hot defor-

" /mation of O.lwt%Ti.

-6 shows that retardation of softening due to sta-

0 tic recovery and recrystallization in Ti bearing
," steels was small at temperature higher than

c. Joe 950C, while retarding of softening became much
n 0 more significant at the temperature lower than

0 _ _ _ _ _ 950'C. It is infered that the marked retarda-

0 0.0? 0-02 0-0 3C(wt%) tion at the lower temperature is associated with
Calculated weightsofNb,Vasprecipitates TiC precipitation in austenite, while the weakerretardation at the higher temperature associated

( (b) with solute drag effect of Ti. To compare re-
tarding effects of microalloys, times for 50%

open: V-Ti softening (t5 0 ) were estimated from softening

solid:Nb-Ti V/ curves and then used to produce Figs. 8.
AV' The temperature dependence of t50 are shown

4/ in Figs. 8 (a), b) and (c) for the Ti, Nb and
0.10, Nb-Ti bearing steels with comparing t50 of the

-0 base steel (Si-Un). In the case of Ti bearing
Ssteels, the slopes change corresoponded to tem-

TerVOC) peratures of approximately 950C (O.llwt% Ti)
005- 00 1250 and 920C (0.06wt% Ti). In the case of Nb

16 01200 steel, retardation of softening at high tempera-

& 1000 tures (>1050C) is significant and the tempera-
VY 900 ture of slope :hange (1030'C) is higher than the

I I temperature of Ti bearing steels. This means
0 0.05 010 0.15 (WtI) that the dissolved Nb in austenite is more ef-

Calculated weih f Tiais precipitates fective in retarding the austenite recrystalli-
zation than the dissolved Ti, and that the addi-

Fig. 6 (a) Nb, V as precipitates tion of Nb is more effective in raising the
(b) Ti as precipitates recrystallization stop temperature (corresponded
Comparisons between the calculated and to the temperature of slope change in Figs. 86))
analyzed weights of microalloying than the addition of Ti. Addition of 0.03% Nb
elements as precipitates in V-Ti bearing increased the temperature of slope change of Ti
(open mark) and Nb-Ti bearing steels bearing steel (1040C) and gave large retarda-
(solid mark). tion in high temperature.
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(a) As mentioned above, the marked retardation

1100. of softening at lower temperature of microal-

0.11%Ti loyed steels is associated with the formation of

10 strain induced micro-precipitation, therefore
the temperature of slope change depends on kine-

tics of the precipitation in austenite. The
1000---- ---------------------- higher temperature of slope change in Nb bearing

0.06%Ti steels results from higher temperature precipi-
95(0 tation of Nb (C, N), since Nb (C, N) is more

a/ stable than TiC in austenite
7 )
. For Nb-Ti

9 __ C steels, the addition of Nb increases the stabi-
lity of Ti carbonitrides through the formation

-1 180 18, 102 163 IC of Nb-Ti complex precipitates. Therefore, the
temperature of slope change of Nb-Ti bearing

(b) steels is higher than the temperature of Ti or
1O.0011 Nb steels.

10.4%Nb

111-3 Mechanical properties of Ti bearing steels
_ 0 0, NbAs 

discussed in IIl-i and 111-2, addition
1000---- --------- of Nb decreases the solubility of carbonitride

do precipitates and retards the softening due to

950 static recovery and recrystallization after hot
deformation of Ti bearing steels, while addition

PqC - of V has little effect of changing the solubili-

ty of precipitates. In this part, we will show
10 -1 160 161 t2 103 0 the effect of Nb and V on the mechanical proper-

ties of Ti bearing steels.

(C) Figure 9 shows the variation of tensile

110 0 Nb-Ti strength with Ti content in the three types of

Ssteels reheated at a temperature between 1050'C

1050- Iand 1200C. The tensile strength increases with
increasing Ti content and reheating temperature.
The results of steels reheated 1150 of above
indicate an increase of tensile strength about

20kg/mm
2 

by O.lwt% Ti addition. This increment
950 of strength due to Ti addition arised from the

Pa C % precipitation strengthening of Ti carbonitrides

900- ------- -- -precipitated in ferrite matrix during cooling.
Addition of 0.05wt% V always increases the

86-, 0 101 strength of Ti bearing steels. However addition
0.03wt% Nb decreased the strength of Ti steels

time (s) when the steels of higher Ti contec1ts were re-

Fig. 8 Effect of temperature on 50% softening heated at a lower temperature (<1100C). Since
time (t5 0 ) after hot deformation for (a) all steels are similar in the ferrite grain size
0.06 and O.llwt%Ti, (b) 0.04wt%Nb and and in the fraction and the lamella spacing of
0.03wtNb-0.05wtTi steels, comparing pearlite, the decrease in tensile strength of
t5o for the base steel. Nb-Ti steels may be due to poor precipitation

80 1050C heating _1100'C -1150C '1200'C

*Z 160O/.Nb-TI -
E 0 0.0514V-Ti VT

E 0-0C ---- ---- 0

60- Nb-

0/
pi I I I I I I

0 005 0O0 0 005 010 0 0.05 0.10 0 005 0.10 015

Ti content (wt%)
Fig. 9 The effect of Ti content on tensile strength of Ti, 0.03wt%Nb-Ti and 0.5wt%V-Ti bearing

controlled rolled steels, for reheating temperatures between 1050 and 1200C.
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strengthening in ferrite matrix. The poor pre-

cipitation strengthening would result from de- Equivalent true strain
crease in amount of solute elements during re- 0.5 1.0 15 2P 25
heating because of formation of complex precipi-
tates. Therefore the tensile strength of Ti o--- \ O.07Ti
bearing steels can be predicted in terms of the U a 0 0.05V-0.07Ti

solubility of complex precipitates; the rela- -*.

tionship between the tensile strength and the 0 - O.02Nb-.O7Ti

calculated amount of elements soluble during the

soakijng was summarized in Fig. 10. This shows
that the tensile strength of all three Ti bear- L.

ing steels can be predicted by the amount solu- e

ble elements calculated by the model. Thus, the 50

90
O Ti

8 0 MSS
•N-i/ S

-100 0 19
70 1. 5 60 70 8O 90

~Total reduction beiow 950(C (M)

!60 Fig. It Effect of total reduction below 950'C

on Charpy 50% FATT of Ti, V-Ti and Nb-

Ti bearing controlled rolled steels.

50 tion (<75%), while the addition of 0.05wt% V was

little effective in improving the toughness.
0 002 0.34 0.06 008 QO1 032 0.14 The addition of Nb in Ti bearing steels will

increase the driving force of strain induced

Calculated amount of soluble elements carbonitride precipitation since it makes the

Ti + Nb+ V/2 (wt%) precipitates stable through the formation of the
complex precipitates. Therefore, the addition

Fig. 10 A comparison between the tensile of Nb raised the recrystallization stop tempera-

strength of Nb-Ti bearing controlled ture of Ti steels, so that it increased the

rolled steels and the calculated amount toughness of the controlled rolled steels with
of microalloying elements in solution small total reduction below 950'C. On the other

during reheating, hand, the addition of V was little effective in
decreasing the solubility of the precipitates in

formation of complex precipitates should be Ti steels, so it is expected that V in Ti steels

taken into consideration in the design of chemi- is little effectie in raising the recrystalli-

cal composition and reheating condition espe- zation stop temperature of the steels.
cially in the case of Nb-Ti bearing steels,

since addition of Nb may decrease the solubility IV. Conclusions

of carbonitrides in austenite during reheating.

Figure It shows the effect of total reduc- The changes in both mechanical properties

tion below 950°C during controlled rolling re- and recrystallization of austenite with addition

heated at 1200'C on Charpy 50% FATT of Ti, V-Ti of Nb and V were investigated for Ti bearing
and Nb-Ti bearing steels. For Ti bearing steel, steels, comparing the characteristics of preci-

smaller reduction than 67% was little effective pitates in the steels.

in increasing the toughness of plates, and 75%
reduction at least was necessary to give a good 1) Addition of 0.03wt% Nb decreased the tensile

toughness to the steels. Such poor toughness of strength of Ti bearing controlled rolled

Ti bearing steels is thought to be associated steels if these steels were reheated to a low

with lower recrystallization stop temperature of temperature (<1100C) prior to rolling, while

the steels. Since the recrystallization otop addition 0.C5wt% V had no significant efIect.

temperature in Ti bearing steel is lower than 2) To obtain good toughness, higher total

the temperature in Nb bearing steel, the total reduction below 950'C is necessary for Ti
reduction below 950'C in Ti bearing steels may bearing steels than the reduction for Nb

be higher than the reduction in Nb bearing bearing steel, since the recrystallization

steels in order to make austenite grain pan- stop temperature of Ti bearing steels is

caked. Addition of 0.O2wt% Nb increased the lower than the temperature of Nb bearing

toughness of Ti bearing steel with small reduc- steels. However small amount of Nb addition
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improved the toughness of Ti steels signifi-
cantly, since the addition of Nb raised the
recrystallization stop temperature of Ti
steels.

3) The complex precipitates (which contain more
than one metallic elements) was identified
both in the V-Ti and Nb-Ti steels with elec-
tron diffraction and micro chemical analysis.
However, there is a considerable difference in
the solubility of elements in complex precipi-
tates between these steels. The precipitates
in Nb-Ti steels contain a significant amount
of Nb (Nb/(Nb+Ti) = 0.1% 0.3 in atomic frac-
tion), while V fraction in V-Ti steels was
relative lower (V/(V+Ti)< 0.1). And the com-
pllex precipitates in Nb-Ti steels was stabler
than in V-Ti stccls.

4) The changes in both composition and amounts
of complex precipitates can be predicted in
these steels by an ideal solution model for
quarternally precipitates. This model distin-
guishes the differences in formation of com-
plex precipitates between Nb-Ti and V-Ti bear-
ing steels. And the model is applicable to
estimation of precipitation strengthening for
the steels.
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STRUCTURAL PREDICTION OF
MECHANICAL PROPERTIES

OF HSLA STEELS

Ludovit Parilak, Milan Slesar, Blazej Stefan
SlovenskA Akademia Vied Ustav Experimentalnej Metalurgie

Solovjevova. Czechoslovakia

OUR PHYSICO-METALLURGICAL approach was modifications, namely:
based on the logical relationships rere- a)polygonal, as a rule ferritic-pearli-
sented by the bonding triangle. Its ver- tic with reduced pearlite content, or
tices are: structure-properties-techno- ferritic;
logy. The study of direct relationships b)non-polyhedral structures of the aci-
between technology and properties gives cular pearlite, bainite, martensite or
no clue concerning tne physical aspects mixed type. This group comprises also
of these relationships. In our opinion quenched and tempered steels;
attention should be directed primarily c)mixed structures of polygonal grains;
to the technology-structure and structu- e.g. dual phase steels.
re-properties relations; the knowledge Grain size - it is the basic struc-
of these is indispensable for proposing tural parameter. In polygonal structures
structural and chemical conception of the determination of its quantity is
HSLA steels which would be able to des- usually a routine, especially when the
cribe the whole complex of required pro- structure is regular.
perties and to propose technological pa- After controlled rolling, heteroge-
rameters for obtaining suitable structu- nous grains in the cross-section tend to
re. appear. In this case it is necessary to

The presented paper deals with the find a suitable value of representative
analysis of the structural basis of certain grain size, especially in relation to
mechanical properties of HSLA steels,na- sample size and its position in the vo-
mely yield strength Re, transition tem- lume of material. Another sources of
perature and strain hardening exponentn. grain size heterogeneity in HSLA steels
Attention was devoted chiefly to quanti- are wrong parameters of controlled roll-
tative description of the influence of ing and cooling, i.e. austenite recrystil-
precipitation state on these properties lization is not completed before finish
taking into account the grain and sub- rolling starts. Grain size heterogeneity
grain sizes and manganese content,too. could affect also the transition
We will discuss some derived properties, temperature. If average grain size is
such as tensile strength Rm and actual used only, it is necessary to consider
fracture stress RPr. Statistical regres- another factors which could introduce im-
sion analyses are used together with phy- precission. The microstructure is often
sical principles in order to obtain sim- morphologically anisotropic, the grains
plified and practically usable relation- are nonequiaxed and banded pearlite is
ships between structure and properties. also frequnt.

Decisive for obtaining of such re- In nonpolygonal structures the de-
lations is the knowledge and determina- termination of grain size is considerab-
tion of the basic microstructure parame- ly more difficult, because both, origi-
ters. Because no unified approach to the- nal grains and block boundaries are hih
se questions exist yet, we shall brief- angle boundaries. In our opinion, grain
ly discuss some methodical aspects. size is best determined fractographicaLy

by evaluatIng the si±zc of :l cn-ic ge facet
CHARACTERISTICS OF STRUCTURAL t' on brittle fractured surfaces at -196

PARAMETERS C, Fig. 1. The method is based on a pro-
mise that high angle boundaries control

HSLA steels exist in three basic facets formation and their size. This
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show that the method is suitable for a
wide scale of nonpolygonal and mixed mic-
rostructures.

Fig.1 - Fractographic evaluation of mean I
cleavage facet size, dF Fig.3 - a)Formation of a plastic step by

hypothesis was verified on polygonal bridge plastification in fine-grained ma-
structures with various values of grain terial, b) Crack bridging by secondary
size, d. Obtained relation was linear, cleavage cracks in coarse-grained msthlFig. 2,: dF = 2.1 + 0.5 d (1) Subgrain - Nonpolygonal structures

-are characterized by well developed sub-
grain structure. The individual subgrans
are mostly laths, or discs (bainite, mar-- / tensite), oval or irregular shaped (aci-
cular ferrite, annealed structures). The
views concerning measurements of the cha-
racteristic subgrain dimensions are dif-ferent /1,2/. The evaluation of mean lath

/ thickness dL on thin foils perpendicular-
ly to the lath length we have found sui-

//- table for this purpose, Fig. 4. The effec-
tive mean lath size is larger than the
mean thickness measured in this way; how-
ever, this disproportion can be adequate-
ly considered in regression constants far

o b 6 6b 80 M the strengthening calculations.
d[prnl In mixed structures it is possible

to determine microstructural parameters
Fig. 2 - Relation between cleavage facet and the fraction of present phases using
size dF and metallographic grain size d the well-known methods of statistical

stereology.
One of the reasons for such a relation- Precipitation parameters - their
ship is the dimensional factor. In case measurement and definition presents cer-
of coarse grains the fracture propagatin tain problems. If we adopt Orowan's Ideas
is realized by bridging of cracks in of the interaction between dislocations
neighbouring grains by cleavage - frag- and particles of secondary phases in the
mentation occurs, Fig. 3b. In fine-grain- sliding plane, it is necessary to evalua-
ed structures the bridging in adjacent te the mean planar interparticle distaxme
grains may be attained by plastic defor- A in the sliding plane. In our opinion,
mation - shearing, Fig. 3a. Quantitative the most suitable method for measuring
fractographic analysis implies the detail- of these parameters is the determination
ed knowledge of fracture process micro- of the number of precipitated particles
mechanisms and needs experience. Otherwi- in the unit area of the replica, N, and
se, there is the risk of errors caused the mean size 2r of extracted particles.
by subjective factors. Our experiences Then A - k . N-I/2  (2)
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close ) to omogSuch ua dei ibtion of mean int rpaFr thceisanicatohefl

TerC/particle s d ist n iscnted witm l owing equs D isoations arhfeuetlrse -
cra te g probles. HowGever, ,1 ° -/o

ceti "trooia. prolem. Hweer, 1/-7/

the method does yield reproducible re- Rn = k(%C+N), RD 2Gbq 2

sults, especially for uniformly distri- 
buted equiexed carbidic and carbonitri- RG = k--1/2 ,RPR kPR.XPR9 (3)
diC precipitates, Fig. 4b. Example on R s ol tom1 RD -kisx i
Fig. 5 documea.ta tt Zact that the va- RS SGdL S Rs -

lues of A are reprodducible not only if R represents the emperature dependent
the metallographic sample is etched cor- C aponent of yield strength, at 20 0
rectly (region C) but even when the etch- reaches a value of 40 Ma. In equations
ing is slightly overdone (area D) or in- (3) %C+N corresponds with free carbon
sufficient (area B). The value of the and nitrogen concentrations, I is the
mean particle size 2r is less sensitive dislocation density, d and dS are the
to the etching time. For nonequiaxed pre- grain and subgrain sizes, res?. x is
cipitates or clusters this procedureraA the concentration of i-th subs-ti/:ional-
be modified. The methods for determining ly dissolved element in the solid solu-
A, based on calculations using the vald e tion. The constants k, k2Gb /ex-

fraction of the particles are, in our press the intensity of uen.e e men-
opinion, less exact. tioned parameters on the individual

strengthening contributions and they ha-
THE BASIC MODELS FOR HARDENING ve a physical nature. However, their es-

AND m BRITTLm ENT timations are subjected to considerable
(eld we oscattering /8 etween following limits:

YIELD STRENGTH - In this f eld wfte a 3o24 NI conet kSGOat 3ios 4 NJ ,t
start at well-known investigations of kio=2-3 MPa/% ki for manganese a hk33-
Gladman /31, Pickering /4/, Prnka /5/ lO !Pa/%, for silicinin k 4-34-16 Ma/
and others culminating in the middle of This has an influence on , uracy and re-
seventies. liability of estimation of individual

The yield strength of alloys gains contributions.
a value which depends on various contri- Quantifying the Rp contribution we
butions, among which we can count: RpN- encounter analytical relations based on
the contribution of the latice friction the strict model approach of particle-
stress, Rflg- the interstitial hardening dislocation interactions (Orowan, Orowan
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-Ashby, Ansell-Lenel et al.) as well as tation strengthening.
with analyses of empirical nature (Edmond. TRANSITION TEMPERATURE - The basis
The consequent model approach is subject- for investigation of the relationship
ed to inaccuracy in that it prefers one between the microstructure and the tran-
of the interaction mechanisms of partic- sition temperature is given by the ori-
les with moving dislocations. However,it ginal Petch's equation /9/, based on the
is evident that in a real material we ha- equality of yield strength and fracture
ve a statistically random type of inter- strength RFR at transition temperature
action which is based on statistically TK:
random distribution of particles, their RFR = ROFr + kf.d "I/2  (7)
size, shape and properties. The empirical The microstructural parameters and the
approach consider the precipitate-dislo- chemical composition have different in-
cation interaction in integral manner, tensity of influence on the friction
but its quantification usually depends stress value R and in general in-
on the estimation of the other contribu- fluences each Mer. Therefore the ex-
4-ns to the yield strength. In most ca- pression of structural nature of transi-

aso this relationship has no physical na tion temperature for HSLA steels is dif-
ture. In general, the precipitation har- ficult. In /10/ we analysed this problem
dening is the more intensive the more de- and proposed the following equation:
creases the interparticle distance, in-
creases the volume fraction of particles T3= A-B.ln d-/ 2 + i r.f(yi) =
and the finer size of precipitated par- 35u

ticles are present by the constant volu- A + &TG + AT i  (8)
me fraction of these. We recommend the where A = B.ln(X

use of the equation:

R = k R . f(PP) (4) X = K. (4G Iq/icy - kf) -

PP The value of the constant A which repre-
where f(PP) is a function dependent on sents the thershold value of brittleness
precipitation parameters and kt expres- must be determined experimentally because
ses the intensity of precipitation the value of q is unknown and the tran-
strengthening; both quantities respect sition temperature is clculated at im-
a statistically average state of preci- 2t eer os cl(u5a The con-
pitate-dislocation interaction. The fun- pact energy of 35 J.cm- T 5 ). econ-stant B reflects the temper~ure-depen-
ction f(PP) should be analytically as dent character of the yield strength.
simple as possible and must have a phy- Constant r. represents the intensity of
sical nature. influence 6f i-th structural parameter

The dislocation hardening should be iln th struturapretconsderd oly or ork ardnedste~a. Yi on the transition temperature shift.
considered only for work hardened stee . In term ri.f(y i ) = ATi we consider
After rolling or amealing the strengthen- the transition temperature shifts from:
ing values calculated from dislocation
density and from grain size are approxi- te cTpR and the intersticies ATIN, pai-
mately equal as we have shown in /9/. aN. This
That is why we hold both above mentioned contribution to the transition empera-
strengthening contributions for inter- ture shift may be expressed not only di-
changeable rectly through structure parameters, but

In our analyses we have accepted also indirectly through the correspond-

the principle of additivity of indiviual ing hardening distributions,Ri, from pre-
contributions to the yield strength in a cipitation, pearlite, silicon and intar-
fonr: stices in form of ATi= Si.Ri. It seems
orm that the differences between the inten-

Re - RPN+RIN+RG+RSG+Rs+RpR+Rp sity of influence of the various harden-

From published dates and our own analyses ing contributions Si on transition tem-
follows that these contributions may be perature are slignt. In addition to it,
quantitatively divided according the chs, in HSLA steels the influence of precipi-
racter of their contribution to brittle tation is dominant. This permits us to
fracture iesistance. From this point of simplify the equation (8) for transition
view the equation (5) may be written as: temperature into form:_
Re a RG+(RsG+k Mn.X)+ AR (6) T35 n A - B .ln d C. A R (9)

Increasing the contribution of the grain Together with (6), this equation is a
size RG, improves the transition tempe- starting point for further analysis.
rature, too. Substitutional hardening of
Mn and subgrain contribution have no s- MATERIALS AND EXPERIMENTS
nificant influence on transit temperatu-
re and A R - the embrittling component, Our program included a relatively
which comprises all contributions with wide range of carbon micro-alloyed and
an embrittling effect. In HSLA steels AR low-alloyed steels manufactured in oxy-
is predominantly influenced by precipi- gen convertors and rolled on hot wide
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strip rolling mills. The following steel ANALYSES
types predominated:
a) Al-stabilized carbon steels with C YIELD STRENGTH AND PRECIPITATION

content 0.06-0.18 % and 0.6-1.2 % M HARDENING - Fig. 6 Illustrates the depen-
- designated as C-Mn steels;

b) Ti-microalloyed steels with 0.05-0.14 dence of yield strength for Ti-steels on
% Ti, 0.05-0.10 % C and about 0.6 % the trecipitation parameter . Material
Mn - designed as Ti-steels; was heat treated in order to obtain two

c) Steels microalloyed with V up to 0.08 different grain sizes, 45.0 and 4.8 
%, with Nb to 0.05 %, or with combin- and different precipitation states n en
tion of these, in some cases with ad- in such a simple experimental set can be
dition of Zr up to 0.06 %, with 0.09 seen a constant shift of yield strength
to 0.13 % C and 1.0 - 1.5 % Mn - de- for various values of A which can be an

signed as V, Nb, V-Nb-Zr steels; evidence for additivity of grain size and

d) Low alloyed steels with about 0.3 % precipitation hardening contributions.

Mo, 0.09-0. 13 % C and 1.5-2 % Mn,mir- =
alloyed with Nb, Ti, Zr individually,
or in combination. oSteels were investigated after controlled 6001 •od = 4 .

rolling or thermal treatment. In additcz - e d .4,8pm
to normalizing this comprises various ty- E
pes of annealing(from 700 to 1250 °C)
with various cooling rates. The goal of
this treatment was to form a wide spect-
rum of grain sizes and precipitation har-
dening. For the modelling of nonpolyhed- 4
ral microstructgres we used heating-up
on 900 to 1250 C, quenching using va-
rious brines and tempering up to 700 C. 30
This permitted us to obtain a wide varie-
ty of austenite grain sizes, blocks and
subgrain sizes and values of precipita-
tion hardening. 2

In all materials and microstructu-
ral states we determined the type of mio-

rostructure, the volume fractions of po- 40 80 120 Alm
lygonal ferrite, acicular ferrite, upper
and lower bainite or martensite. In all
states the mean grain size was determin- Fig. 6 - Influence of the precipitation
ed metallographically or (in nonpolyhed- parameter nceon the precitio
ral structures) fractographically. Non- parameter A on the Re values for diffe-
polyhedral and mixed structures were de- rent grain sizes, d

fined by subgrain size determined on thin
foils. In selected states the precipita- A set of 28 polygonal microstructu-

tion parameters A and 2r were measured ral states of Ti-, Nb-V-, V-Nb-Zr- and
on carbon extraction replicas, by statis- Mn-Mo-Nb-steels, characterized by diffe-
tical methods. rent grain sizes and different values of

In static tensile test in addition precipitation hardening, was obtained and
to basic mechanical characteristics, the used to determine the values of the mean
hardening exponent n and the constant k interparticle distance X and mean partic-
were determined, these follow from the le diameter 2r. Using regression analyses
equation: and iteration methods, the following mo-

R = k . en (10) del for solution of yield strength was

where R is the actual flow stress and used:
the intensity of deformation. Theatual Re = RpN+kd- +kMn'xmn+ 33.%Si + 3.%PR+
fracture stress R was also determined. +kpi.f (PP) (11)
The impact bendinlrtest was performed on t
samples with Charpy notch, at wide range that means, we look for optimal combina-
of temperatures. Mechanical properties tions of constants and an optimal functin
and notch toughness values were measur- form for fi(PP). The following possili-
ed longitudinal to the rolling direction. ti-wr - / , o-P, in detail:-.9r

The following analyses include re- ( A ln A, (A-2r) Inr
sults from more than 250 microstructural and A-m with an optimalization of expo-
states. nent m. The best fit was obtained for

f(PP) = A-2. Other functions either don't
yeld satisfactory correlation or necesS.-
tated replacing the Peierls-Nabarro ab
(RpN) by a negative threshold hardening
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Fig. 7 - Dependence of precipitatio har- 280
dening contribution on parameter A-

value. The analysis yielded an Q imum 0
value for ky and kM, of 15 Nmm-SY and
50 MPa %, resp. Fig 7 shows the optimiz- F -
ed relation Rp+RPN vs. A- 2 . It can be +
seen that the correlation is very satis- +

factory and a realistic value of RPN = *
38 M9a was reached. The constant kp-76.8 0
.10- N for A measured in /mm/. 2X- 0

The results show that the precipit- 0
tion hardening is indirectly proportinal
to the slip surface dimension correspond-
ing to one particle of precipitate.

TRANSITION TEMPERATURE AND PRECIPI-
TATION STRENGTHENING - In a similar sche-
me as for yield strength analysis, Fig.8
shows the influence of precipitation on
transition temperature for Ti-steel with 120
two different grain sizes. Also in this 2 3
case one can see that shifts influenced X 21o [nm]
by grain size are equidistant; this sup-
ports the validity of the proposed model. Fig. 9 - The dependence o precipitation
Iterative methods were applied by the so embrittlement ATp on A-
lution of equain:
T= A-B.ln d- 2.2.%p e +8.3 .%Si+ that precipitation embri~tlement is in-

+kT f (PP) (12) versely proportional to the square of
Here al ; +he best suited function e an p roportinterpart te stare .

f (PF) was A- 2 . The optimum value for mean planar interparticle distance.

B is 110 oC which agrees with published RELATIONS BETWEEN HARDENING AND EM-
results. The optimum value for A is 147 BRITTLEMENT - At constant grain size the
0 C, kp- 42.0.10 - 0 N for d in /mm/. dependence of transition temperature vs.

!ig. 9 shows the dependence of pre- yield strength is approximately linear,
cipitation embrittlement, i.e. the shift Pig.10. The change of grain size has a
of transition temperature caused by pre- strong influence on the position of cur-
cipitation, in dependence on A- 2 . The yes without appreciable change of their
relatively good correlation indicates slope. This is an indication of the va-
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lidity of model (9). The general solUdlon on AR for polygonal structures
was based on regression analyses supple-
mented by iterative methods. The goalwas correlation coeficient r = 0.884. This
to test the validity of the model and to correlation seems to be low. However, if
optimize the constants kv, kMn, C, A. In we consider that the accuracy of transi-
the course of testing, various other al- tion temperature determination is ±10 oC,
ternatives beyond equations (6) and (9) the yield strength scattering is ± 4 %,
were analyzed, such as including the em- the grain size measurement precision is
brittling effect of the subgrain and mno- t 5 %, it is possible to surround the re-
ganese, unification of the hardening ef- gression line by a natural scattering
fect of the grain and subgrain,etc. Va- zone. After that only 4-6 % of results
rious physical quantities were analyzed, show a marked discrepancy.
such as a% kf (8) and the relation kf = Fig.12 shows the same dependence
1.92(G. #)I/2, which agrees with /11,12/,
derived. The results show that the modeb
of (6) and (9) are well suited to the da- 500
ta. In polygonal structures it is possb- 1
le to admit a slight direct positive ef-
fect of Mn on the transition temperature
as proposed e.g. by Pickering /4/. The +
results, especially for polygonal micro- < 0 0 0
structures, indicate that the interde- 0
pendence between the embrittlement har- 0

dening AR and the corresponding embrit- 3 0 0
tlement may be nonlinear with damping of 0 8 o
embrittlement above the embrittlement 00 (
hardening limit of 250-300 MPa. The im- o
provement due to the introduction of non- 

2W_

linear interdependence is relatively
small. This will be the subject of furth-
er studies.

The character of our analyses is
exemplyfied by Fig. 11 which shows the
dependence betwee ,Mmbrittlement harden-
ing ( 4RR -k d- -kMn.%Mn) and the 0correspodng9brittlement (A+ AT =

- T 2+B.ln d-'). Fig.11 shows the re- R[M ]
suIl for polygonal structure7 withopti-
malized constants Ik n15 Nmm- 3 /2 , kjn Fig.12 - The dependence of T35+B.In C"I/ 2

50 MPa/%, B - 110 O . The regression on 12 - Tedpendence otuct ines
equation is AT 147 + 0.4.AR with the onAR for nonpolygonal structures
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for nonpolygonal structures. In spite of at the constant values of grain size.The
fact that when comparing with the poly- values of n on Fig. 14 are shown in de-
gonal structures the microstructural pa- pendence on the yield strength. We see
rameters and ways of their evaluation that the curves are hyperbolical in cha-
(subgrain size is determined with the racter and are equidistantly shifted in
help of an electron microscope, the g relation to each other. This indicates
size is determined fractographically) that the influence of grain size is not
are very different, we can see that the marked and that precipitation plays a mo-
character of the interdependence does re significant role in the reduction of
not change markedly. The position of the n with increasing of yield strength. This
regression line is slightly different: view is supported also by Fig.15 which
A+ AT = 108+0.566. AR and the correlatca
coefficient is 0.871.

500 •' 45 0 pum
5 d 4 7,5 Pm

t. 04,3 pm

o b A

O ~ 0 002

0,l

30 0 ,00,0 400 560 R0tM 0Q

0 100 200 300 400 500
.. . . ~ &R (MtrPa ]

Fig. 13 - The dependence of T +B.ln d-I1/2 Fig. 14 - Relation between Re and n for
on dR for polygonal and nonpcTrgonal various values ofd

structures 0 2 d~tJm1 502 V 18 6

0 00

Fig.13 shows the unified set of re- 0
sults for polygonal and nonpolygonal @

structures. The regression equation is • e\

A+AT = 143+0.466. R, the correlation ee  * 00
coefficient is 0.870. The fall of cor- ee*.k
relation ciefficient is negligible. !JhLs *
leads us to accept a unified equation 0,a0 e
for all microstructaral. alternatives of . *
HSLA steels, giving the relation between e _e ee \
the yield strength, transition tempera- * -@0.0 •  \
ture and microstructural parameters in $ eg ** : *e e * \
the form : -1 *•-

00

T35 - 0.47Re=14323.•%M-n.047d]1 - 0 0 * • o..,e,

- 7.05 ( d-/2+ 15:6 1nd -1/2) (13) . "••

Og000

THE STRAIN HARDENING EXPONENT - The • •
strain hardening exponent is habitually 01
related to yield strength, when express- 0
ed parametrically by chemical composi-
tion or by grain size /4, 13-15/. In Otw -- -....6 .. 10 d 12[mrn,/2]
analysis we shall start by investigat--_________Fig the influence of changeT of preci- ig. 1 - viagram o tne bt rec epenen-
tation parameters for three alternatives ce between n and d
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shows the values of n in relation to gOn o
size, for a representative measurement
set . There is no observable dependence
between these two quantities. The dashed
line marks the region of fine grain sizes
and higher values of n in which no measti-
ing points are present. We admit the pos-

sibility that very fine grain may influm-
ce the formation of dislocation cells un-
der strain and thus cause a decrease of
the strain hardening exponent. The in-
fluence of precipitates is much more mar-
ked. Fig. 16 shows values of n in gelation
to the precipitation parameter A' . The
validity of this dependence is supported a) 212 nm
by Figs. 17a,b,c which document the in-
teraction between deformation dislocation b) 9 103 nm
substructure and precipitates. At low

0A

C 0

Fig.17 - Influence of precinitation sta-
te on the development of deformation dis-

S °°location substructure

a
n = + b (13)

0,0- A R
Fig. 18 compares the measured values in
relation to the regression hyperbola. The
trend is clear, but the exactness of the

01U relation is not yet completely satisfac-
02 104 rn2 ] 3 tor.

Fig.16 - Dependence of strain hardening
exponent n on parameter A-

precipitate density (A- 212 nm) the for-
mation of dislocation cells is independ- oo
ent of precipitatesFig.17a. An interme- C oo RA.
diate density ( A- 103 rim) causes the
formation of cells in the regions with 0
se between the bands of interphase TiC

precipitates, Fig.17b. A very high par- 088
ticle density (A = 72 nm) has a homoge- oi
nizing effect and retards cell formation,
Fig. 17c.

In addition, regression analysis
showed that pearlite in microstructure
exerts a direct influence on the decrease 030 -0
of the exponent n. No influence of Mn AR [
was found. The measurement set is not
sufficient with respect to Si content ba-
lance and therefore its influence could
not be determined.

For polygonal microstructures the
following equation was proposed for cal- Fig. 18 -The dependence of strain harden-
culating of n : ing exponent on the values of A R
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As for nonpolygonal structures,the COMPLEX NOMOGRAM FOR RELATION
influence of the subgrain size on the BETWEEN MICROSTRUCTURAL PARA-
value of n is not marked, but there are METERS AND MECHANICAL PROPER-
many other influences of the microstruc- TIES
ture, substructure and the solid solu-
tion composition which up to now have The graphical processing of the
not been satisfactorily deciphered. above equations yields the nomogram shown

REDUCTION OF AREA - The reduction in the Fig. 19. The nomogram is valid
of area is influenced by those micro-
structural factors which during plas- 1
tic deformation in the microvolumes
serve as nuclei for defects formation.
Therefore the influence of parameters
such an grain and subgrain size and the
solid solution characteristics are smal.
On the other hand, the influence of pee,.

lite, inclusions and that of large carbi-
des are significant. In /16/ we have e"

proposed an anisotropic model for the
mechanism of influence of rolled out in-
clusions on the ductile fracture mecha-
nism. More recent statistical analyses
/16/ have demonstrated the dependence
of reduction of area on the planar frac-
tion of nucleating particles of carbide _I
and pearlite inclusions (fF) on the
fracture surface as follows.

Z=(1-1.2657.fpr 1/).100 % (14) \

The model is well suited for the deter- u -
mination of reduction of area in the !50|
transversal and normal direction to the

sheet plane.
TENSILE STRENGTH AND FRACTURE STRESSIo

-With respect to equation (1O), the -15 2.
real stress Rm(r) at tensile strength 1.5

point is: 15

Rm(r): k . nn (15)
If the steel has no marked yield striegth 0
and LIderts strain, it is possible to 1W 400 5W 6W 700 800 9M
express the constant k from yieldL Re [IVPo)
strength and to calculate the tensile
strength from Rpo.2 and n.

Fig. 19 - A complex nomogram for rela-

nRm = 1.002 (n ) R 16) tions between yield strength and tran-= 1. 054 • po2 1) sition temperature

In this case it is not necessary to for polygonal wicrostructures. If it is
look for a uirect relationship between used for nonpolygonal structures, then
e~and microstructure; this should be it is necessary to use instead of yield

ressed through the structural natu- strength its corrected value, i.e. re- 1
re of R and n. duced by the contribution R,, = k n. d

The actual fracture stress at the The nomogram permits u.ng 0 ai4
static tensile test may be expressed three parameters from the set CR , T
using k, n and Z, as follows: d, n, %Mn,AR) to determine the femal -

n ing three. E.g. if the steel A has 1.5%
/ 100 \iMn, R a 500 liPa, the grain size accord-

r=k ln 1 (a-b. Z) (+dn) (17) ing AITM is 12, then Ihe transition tem-
Frk nIOO-Z -7 perature will be -50 C, &R = 200 MPa

with regression constants a = 1.597, and the strain hardening exponent n
b = 0.013, c a 0.880, d = 1.460. 0.165.

The nomogram permits an illustrati-
ve and fast orientation when predicting
steel properties from its microstructure,
designing the microstructure to ensure
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OPTIMIZATION OF THE HOT ROLLING
OF HIGH GRADE PIPELINE STEELS

AT THE HOT STRIP MILL

R Choquet, H. Blausser S. Genet, J. J. Aernout
IRSID SOLLAC

Saint-Germain-en-Laye, France Dunkerque, France

OPTIMIZATION OF THE HOT ROLLING OF HIGH - for the C-Mn steel, a further impro-
GRADE PIPELINE STEFLS vement of mechanical properties is obtained
AT THE HOT STRIP MILL when increasing the cooling rate and de-

creasing the coiling temperature.

P. CHOQUET*, S. GENETA
J.J. AERNOUT**, H. BIAUSSER* These results permit the production of high

toughness high grade hot rolled coils for
* TRSID, Saint-Germain-en-Laye, France pipes. An enlargement of the gauge capabi-

** SOLLAC, Dunkerque, France lity has been possible at the SOLLAC Dunkirk
hot strip mill for these products.

ABSTRACT 1. INTRODUCTION

The aim of this work, which has been carried As a consequence of the high hot strip
out by IRSID and SOLLAC Dunkirk, was to mill productivity, which lowers costs, there
optimize the hot rolling of pipeline steels is an increasing demand for high grade as
on the hot strip mill, in order to improve rolled coils [1, 2]. However productivity
the toughness-strength compromise. requirements have greatly delayed the appli-

cation to hot strip mill of controlled
Hot torsion tests performed at IRSID enabled rolling techniques intensively developed in
the effects of hot rolling parameters on the the seventies for plate mills. On the hot
austenitic and ferritic microstructure of a strip mill, high mechanical properties arc
C-Mn steel and a C-Mn-Nb steel to be often obtained by the use of alloying

quantified. One of the main results is that elements which combine precipitation, solid
the ferritic grain size has been found to solution and strJctural hardening 12, 3, 41.
decrease with lower reheating temperature These elements allow relatively light roll-
(through grain growth control) and with ing conditions 15, 6, 7] but have drawbacks:
lower finishing temperature. they are expensive and precipitation stren-

gthening has a detrimental effect on tough-

Rolling trials have been carried out on the ness. Therefore the challenge is to obtain
pilot scale mill at IRSID and on the high grade coils with good toughness proper-
industrial scale SOLLAC Dunkirk hot strip ties especially for thick gauge, at a
mill. The main results of these investiga- competitive production cost. It is well
tions are : known that tha most effective way to improve

- for both steels, a better strength both strengthening and toughness is the
and tougale-b coultpt-oso is uoflL tld when refinement of the ferritic grain size. This

lowering both reheating and finishing tem- can be obtained by microalloy-ng additions
perature, and/or modifications to the rolling process.

- when rolling is finished in the y/t
range, mechanical properties of the C-Mn The objective of the present work,
steel were further improved. As for the which has been carried out by IRSID and
C-Mn-Nb steel, the toughness is improved if SOLLAC Dunkirk, was to optimize rolling
respective reductions in the austenitic and conditions with a view to obtain a better
ferritic ranges are adequately balanced, strength and toughness compromise, through a

balance between grain size and precipitation
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hardening, within an acceptable range for in both case (C-Mn-Nb and C-Mn steels)

technological facilities and mill capacity. a low reheating temperature produces a fine

austenitic grain size due to grain boundary

A C-Mn-Nb steel for X60 grade and a pinning by nitride and carbonitride parti-

C-Mn steel for X42 grade were used, the cles. At Ty = 1030'C abnormal grain growth

compositions of which are given on Table 1. occurs because of unpinning, and the micro-

structure is heterogeneous. Above 1030'C
Steel C-Mn normal grain growth takes place and because

C Mn Nb Si S P Al N 2  of the low temperature the grain size

149 1110 281 5 13 47 6.3 remains small until all of the particles are

dissolved.

Steel C-Mn-Nb

C Mn Nb Si S P Al N During the roughing stage, the austeni-

2  tic structure is refined by recrystalliza-
100 1250 27 200 1.5 24 30 10.6 tion aft-r each pass. Because of high temper-

- 3 ature and large reductions, recrystalliza-
Composition in 10 % weigth tion is fast and grain growth occurs between

passes. In the structural model developed in
TABLE 1. previous work at IRSID [8, 9], the grain

growth is described by a logarithmic law
IRSID carried on the work by the means d = dR (I + a In t/tR) , where dR is the

of hot torsion testing and rolling on a recrystallized grain size and tR the time

laboratory mill. Each aspect of the process for complete recrystallization. a is a para-

has been separately studied by torsion meter which depends on grain growth inhibi-

testing, thereafter complete rolling schedu- tot factors such as niobium in solution or

les were performed on the experimental mill. the presence of non dissolved particles.

An intensive use has been made of the

structural model, recently developed at The latter factor has been particularly

IRSTD [8, 9], which proved to be effective studied in the present work and figure 3

for the prediction of the austenitic micro- shows the evolution of cX with the reheating

structure. temperature.

2. EXPERIMEI;TAL PROCEDURE From this data the following expres-

sions for cc could be derived
The hot torsion tests were performed on C-Mn steel :

a fully computerized machine. Specimens were x = 0.2 (1 - f(AlN)) (1)

6 mm dia. and 80 fm gauge length. The strain C-Mn-Nb steel :

rate was 3.6 s . Specimens are induction ot = 0.1 (1 - f(AIN))( - f(NbCN)) (2)

heated, cooled by argon or helium and can be

quenched at any moment of the test. As shown in figure 3, the C-Mn-Nb steel

exhibits a stronger control of grain and
The experimental mill is a three high below 1080'C no grain growth occurs between

mill with maximum speed 1 m/s. Minimum passes.

interpass time was 7 s. Products were 70 x

70 x 150 mm billets machined in 70 mm heavy Figure 4 shows the evolution of auste-

plate and rolled to 12 mm final thickness. nitic grain size in the whole roughing stage

Thu temperature was controlled by a thermo- after reheating at '230 an 1130°C. Lowering

couple embedded in a hole at the first pass. the reheating temperature produces a finer

Cooling of the final product was obtained by grain size at the entrance of the finishing

pulsed air up to 10'C/s or water quenching stand due to finer recrystallized grain

for higher cooling rates. Coiling was simu- sizes after reductions at lower temperatures

lated by I hour annealing, followed by slow and slower grain growth between passes. The

cooling in vermiculite powder. initial grain size has no effect on the

sinal grain size as shown in figure 5 where
3. AUSTENITE AND FERRITE MICROSTRUCTURE grain sizes were omputed and measured after

the same roughing schedule from very diffe-

3.1. Reheating rent initial grain sizes.

The austenite grain size dy of torsion

specimens has been observed after reheating Another way for refining austenitic

whithin the 1080-1230'C range, simulated by microstructure is to increase the total

a 20 mn isothermal holding at a choosen reduction in the roughing stage, that is,

temperature Ty. Figures 1 and 2 show the decreasing the transfer bar thickness. Fi-

"volution of dy (pm) with Ty ('C), asso- gure 6 shows the computed austenitic grain

clated with the niobium carbonitride or size at the entrance of stand Fl for C-Mn-Nb

aluminium nitride contents, and C-Mn steels, according to bar thickness
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pass t (m) I% 1 -s (9. or dy (p.l before pass
n" (S )Rolllnq T."'.L~tur'e

3 6 4 0 I 4 0 p . 4 0 p I 4 0 p I 4 0 1 . 4 0 1 -

22 0.29 0 20 20 900 920 1000 1020

Z 3 29 0% 0% 0% a% 20% 45 %

C (J 2 24 0,31 12 810 060 390 94.0 913 1035
%

I 2, 21,4 0 % 0 % 0 % 7 % 20% .5 %

J
- 21 0,27 20 oo 030 00 925 970 1020

41 2 17 0% 0% 0% 0% 10% 20%

19 0.25 25 190 125 370 915 960 1005

1.5 13,7 0 % 0 0% 0 % 7% 20%

2 12 0,12 20 70 4.20 360 903 920 990

TABLE IT S01ULE N' I (D

I P.1 r ( -41ll ,,r 10 l.,i t,14re [ s

" i i ) ) .Ilunq T..psecature

36o ,a Co. 6* ho 60 6 '0 v. 60 60

i2 0.29 0 020 850 900 930 000 1020

o % 0 % 40 % 33 V 5 9 P, 46p1 % 6 0% 2prn 2pn 66r.

2Q 0.31 ;5 810 060 090 960 98 023

I '.9 i . 0% ,0 % 00% 21 1,o 23 pn 37 Wm

, 21 0,2 2 100 0 30 000 222 970 1020

1 7 0% 0 % '0 % so % 23pn~ 31n

- 19 0,22 25 190 325 370 913 960 1005

0% 0% 20% 60% 1
9
pm 26 v

3 12 0.15 10 730 820 3',O 902 920 990

TABLE II 2

and reheating temperature. As shown in this steel, the austenite- does not recrystallize
figure a finer grain size is obtained by between passes. However, in both Cases
decreasing the bar thickness with higher structural evolution is strongly dependent
rednction in the roughing staqe. This figure on the rolling temperatures. Tables 11 and
also shows that decreasing the reheating III show the computed recrystallized frac-
temperature has a more important effect on ton XR or recrystaliliation grain size dy
the austenitic grain size. at the entrance of each finishing stand, for

the C-Mn-Nb and C-Mn steels respectively.

3.2. Finishing stage With increasing temperature, recrystalliza-
in the finishing stage, the two steels tion can occur for the C-Mn-Nb steel at the

hav different behaviours : in the ('-Mn-Nb first stands of finishing stage. On the
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contrary, with decreasing rolling tempera- 4. MECHANICAL PROPERTIES
ture for Lhe C-Mn steel, recrystallization
may incomplete in the last stands or even 4.1. Introduction
supressed in the whole finishing stage if Complete rolling simulations have been
rolling temperatures are extremely low. performed on the experimental mill to inves-

tigate yield strength and toughness in the
The figure 7 descrioes the complete transverse direction. Processing parameters

microstructural evolution of both steels, have been chosen as indicated below.
between the stands, for schedules 2 and 5 of
Tables IT and 1I1 (finishing temperature - Reheating temperature : Ty 1080, 1130,
equal respectively to 820 and 950°C). Figure 1180, 1230'C
7 shows the evolution of the mean austenitic - Total reduction in the finishing stage
grain size dy and the residual strain E , pF = 66 %, 75 %
which represents the mean amount of pan- - Finishing temperature : FT = 860, 820,
caking in the microstfucture (for the compu- 780, 760'C
tation of dy and £ in a partially re- - Cooling rate : CR = 1, 5, 10, 15, 20'C/s
crystallized structure, s e ref. [81 and - Cooling temperature : CT = 500, 550,
[9]. As can be seen, for both steels, when 600, 650'C.
rolling temperatures are increased, the
austenitic grain size is more refined by Thermal analysis of specimens after
recrystallization, but pancaking decreases, rolling were used to determine the austenite

to ferrite transformation temperature Ar*

As the resulting ferritic grain size is which was found to be Ar* = 7803C for

dependant on both grain size and the amount C-Mn-Nb steel, Ar = 7608C Cor C-Mn steel.

of pancaking [9, 10] we performed complete For C-Mn-Nb steel A mellar splitting occured

simulations of rolling to investigate the in imact te, whenevr rlling was fi-

influence of austenitic microstructure on nieat tempe e.erfore the f0%
the ferritic grain size. nished at low temperature. Therefore the 50%

FATT could not be determined and toughness

3.3. Ferritic structure was assessed by the temperature for 28J/cm
2

Fine ferritic grain size results from impact energy : TK 28J.

the transformation of fine grained and 4.2. Experimental results C-Mn-Nb
strained austenite. Thereby the ferritic steel
grain size is dependent on initial recryst- Figure 10 shows the yield strength (YS)
allized grain size before straining, the and toughness (TK28J) obtained after diffe-
temperature of rolling in the finishing rent reheating temperatures (Ty) and finish-
stand and the total amount of straining. nteing temperatures iFT). The efaect of finish-

As previously shown, a lowering of the ing temperature and total reduction is more
reheating temperature and/or finishing tem- precisely shown by figure 11. Reduction of
reeageperature and/orprodu a fini g tern- the reheating temperature results in lower
perature should produce a finer ferritic yield strength but improved toughness. Lower-
structure. This a confirmed by the resultsinthfnsigteprueto80Cla

of figure 8 which gives the observed ferri- ing the finishing temperature to 820C lead

tic grain size of C-Mn-Nb and C-Mn steels After finishing at 780nC however, toughness

according to reheating temperature produces itrong at but yeld trgh

a finer grain size, but this effect is contnes ti rae

relatively small for the C-Mn-Nb steel

(figure 8). The effect of the finishing Increasing the reduction in the finish-
temperature is obviously stronger. It is ing stage produces an improvement of tough-
important to note that at a finishing ng and olysaghilprovect tf yield
temperature of 780*C, both steels gave the nendlat
same ferritic grains sizes. As can be seen
in Table ITT for C-Mn steel finished at The effect of cooling rate after roll-
7800 C, recrystallization is suppressed over ing has been investigated for TY = 1130*C
the whole of the finishing mill so this OF = 66 % ; FT = 820'C and CT = 600'C. The
steel behaves like the C-Mn-Nb steel. This
result is obvious from figure 9, where the reult are shown gur 12. As a eseen, the yield strength and toughness are
observed ferritic grain size is plotted improved when the cooling rate varies from
against the austenitic grain size calculated 10C/s to 50 C/s, but no further improvement
prior to the transformation. These results is obtained with higher cooling rates. The
fit well the following relationship : effect of coiling temperature between 500
do= 0.8ndy-2.12 + 0.00975 FT - 3.3 (and 650CC has been investigated and results

are plotted in figure 13. No effect on the
mechanical properties have been found when
lowering the coiling temperature below
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600oC. The yield strength is however de- when reduction in the y /a range
teriorated for CT = 650'C. exceeds a critical value, yield strength is

decreased.
4.3. Experimental results : C-Nn steel
Similar trials have been performed with Mechanical properties of the C-Mn steel

the C-Mn steel. Figure 14 shows the me- are mainly explained by the combined effects
chanical properties obtained after different of ferritic grain size and solid solution
reheating and finishing temperatures. The strengthening due to soluble nitrogen. As
yield strength decreases with reheating shown in figure 2, the nitrogen content in
temperature except at Ty = 1080 0 C and FT = solid solution is reduced by lowering the
780*C, where high yield strength is achiev- reheating temperature. A previous study
ed. Lowering the reheating temperature re- carried on at IRSID [121, showed that the
sulted in improved toughness at FT = 7800 C precipitation of AIN during coiling at
but had no effect on toughness at FT temperatures under 650'C, is very slow.
860oC. Therefore, in our rolling conditions, nitro-

gen should remain in solution from reheating
When the finishing temperature is lower- to final cooling.

ed down to 760'C, which is the transforma-
tion temperature, it is seen in figure 15 The ferritic grain size is refined by
that both strength and toughness are further lowering finishing and reheating temperatu-
improved. Similar results are obtained with res ; however that latter effect does not
more severe cooling conditions either in- compensate the smaller solid solution hard-
creasing theo cooling rate up to 15'C/s or ening. Improved properties are also achieved
decreasing the coiling temperature down to through grain refinement when the c,,oling
5000C. rate is increased from 1n to 15'C/s. The

microstructure observed (figure 19) is fine
4.4. Discussion equiaxed ferrite plus a small fraction of
The results described above show clear- fine upper bainite. This is also observed

ly the competition between different streng- (figure 16) at low coiling temperature
thening effects. (500'C) at which good properties are a-

chieved.
The yield strength of C-Mn-Nb steel

results from a combination of precipitation In view of these results an experimen-
hardening and grain size effects. When the tal trial has been performed to obtain the
reheating temperature is lowered the amount best mechanical properties. fhe rolling
of niobium which precipitates in the ferrite parameters were :
is reduced and the refinement of the ferri- T__ = 1130oC
tic grain size is not sufficient to compen- FT 760'C
sate for the diminution of solid-solution CR = 30'C/s
strengthening. On the contrary, both effects O = 50o0C.
produce an improvement of toughness. Impro-
vement of both yield strength and toughness The microstructure obtained is a mixt-
is achieved through grain refinement by ure of fine ferrite and upper bainite.
lowering the finishing temperature. The Resulting yield strength and temperature TK
transformation temperature Ar* is 780*C, 50 % are :
therefore when rolling is finishned at 780-C YS = 460 N/;nm 2- TK 50% FATT = 90'C
(measured at the center of the specimen) one which constitutes, as seen in figure 16, the
can assume that -eformation in the y/a range best strength-toughness compromise obtained
is achieved through the thickness. Hence the for that steel.
impaired toughness and improvement of yield
strength observed at FT = 780 0 C can be C Mn Si Nb S V
associated with rolling in the y/Ox range. As A 95 1060 242 14 6 -
can be seen in figure 11 when FT = 780C, B 52 785 227 20 1 -
the touahness is improved by increasing the C1 120 1370 335 40 5 -
reductior, in the finishing stage P F. When FT C2 120 1370 335 40 5 -
= 760'C more reduction is achieved in the y/a 01 100 1400 250 35 7 -
range and figure 11 shows that the yield D2 100 1400 250 35 7 -

strength is deteriorated. CD 132 1400 360 28 8 -
E 100 1400 320 50 2 78

These results confirm some of the F 79 1320 296 31 0.5 -
conclusions of previous IRSTD studies [111 : GI 70 400 - 10 - -

- mechanical properties of steels roll- G2 70 400 - 10 - -

ed in the y/a range are improved when strong HI 140 1200 - 10 - -

reduction is achieved in the non recrystal- H2 140 1200 - 10 - -
lized austenite, -

Composition in 10 % weight - TABLE IV (a)
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ST FT Or TH YS TK The effect of reheating temperature hasA 1200 880 620 10 400 -20 been investigated on steel D. Lowering theB 1180 820 590 9,5 400 -100 reheating temperature from 1230 to 1130'C
C1 1160 840 660 10 430 -90 improves the toughness without deteriorating
C2 110C 790 580 10 470 -110 the strength thank to a better control of
D1 1230 860 610 8 490 -45 the grain size.
D2 1130 860 610 8 490 -75
CD 1160 825 595 8 473 -87 Steel E is a niobium vanadium steel forE 1160 820 610 10 530 -85 X70 production. By means of low temperature
F 1160 810 530 15 480 -60 rolling, good toughness is achieved with aGI - 870 600 5 400 -40 very high strength.
G2 - 770 510/620 5 400 -85
H1 - 880 600 5 450 -80 Steel F was rolled to 15 mm final gauge;H2 - 750 590/645 5 450 -120 the mechanical properties are reasonably
S good for such a thickness on the hot strip
ST soaking temperature (0c) mill.FT finishing temperature ('C)
CT coiling temperature () With steels G and H the effect of veryYS yield strength (N/mm') low temperature rolling - that is in theTK 50 % FATT (t) ferritic range - has been investigated.

Because of the low final thickness (5 mm) a

large amount of reduction was achieved in
TABLE IV (b) the austenitic rpnae prior to deformation in5. RESULTS ON THE SOLLAC DUNKIRK HOT STRIP the ferritic range. As a consequence, for

MILL both steels the toughness is drastically

improved with no change in the yield
Several trials have been performed on strength. This confirms the results of the

the i:dustrial scale in order to confirm experimental works. Recrystallization of the
the major conclusions of the experimental ferrite may occur whrnever too much reduc-
study carried out at IRSID. The main results tion is performed in the ferrite and there-
are summarized in table TV and figure 17, fore the dislocation strengthening vanishes.
where the yield strength and the toughness
(50 % FATT) have been plotted (each point 6. CONCLUSIONS
represents the mean characteristics measured

on several coils). The present study clearly demonstrates
the strong influence of processing parame-

These results have to be described in tefs on microstructure and thus on mechanic-
terms of chemical composition (Nb content) al properties of C-Mn and C-Rn-Nb steels
rolling parameters and final thickness, relled on the hot strip mill. Simulations by

hot torsion tests and the use of a structur-
Stgel A has a low niobium content al model help to explain the results

(14.10 %) and was rolled with high soaking observed. The main conclusions may be summa-
and finishing temperature. As the final rized as following :
gauge is high (10 mm) the final micro-
structure is rather coarse and the proper- C-Mn-Nb Steel
ties are poor. - an improved toughness is obtained b:

lowering the reheating temperature : there-
Steel B with the same final gauge, fore, to maintain a hig, yield strength, the

shows a considerably improved toughness finishing temperature snould be reduced, but
com[ared to steel A. In this case the must be kept above the transformation tern-
niobium content was greater and also the petature,
rolling conditions were more severe. Since - when rolling is finished in the
the manganese anA carbon content are lower ferritic range, toughness is impaired -,

un-the yield strength is the same as steel A. less a higher redu,,tion is achieved in th,
finishing stage,

With steel C, the influence of rolling - no significant influence of coolinq
inmd coiling temperature may be observed, rate from 5 to 200, s, nor of coillir:Coils C1 were rolled and coiled at high temperature from 600 to 500'C were obseived
temperature. Thanks to a higher niobium when finishing temperature is low (820'C).
content the yield strength is higher than
s tee I B (with the same gauge) but the C-In Steel
toughness is lower. For coils C2 the finish- - toughness and yield strength are
ing and coiling temperatures were lowered improved when both reheatinq temperatur( andand this gives a drastic improvement of both finishing temperature are lowered,
strength and toughness.
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- when rolling is finished in the
ferritic range, both toughness and yield Nb(NbCN) (dry-)
strength are still improved, NbtoIt STEEL:C-Mn Nb

- both toughness and yield strength are 0.80
further improved when the cooling rate is 200

greater than 10'C/s and also when the 0.60 '_C) 5

coiling temperature is lowered to 500'C,
- excellent mechanical properties (YS =  a F 100

460 N/mm
2 

; TK 50 % = - 90'C) are achieved

with T, = 1130C ; FT = 760C, CR = 30'C/s, 020 50

C7 = 5 OC. 50

The results concerning the C-Mn-Nb 980 10,-40 108 t13 1190 130

steels have been confirmed by industrial T r(o

trials. The attainment of attractive proper- Fig. 1 - Austenitic grain size and dissolu-

ties for thick gauge coils has been achieved tion of niobium after soaking.
through a close control of the temperature
at each stage of the rolling process.
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THERMO-MECHANICALLY PROCESSED
HIGH COPPER BEARING

STEEL PLATES

Takashi Abe, Masayoshi Kurihara, Hisatoshi Tagawa
Steel Research Center

NKK Corporation
Kawasaki, Japan

Abstract steels such as ASTM-A710 steel6" for hull
In order to develop YS460 grade steel plate for structures and A710-modified steel"' for line
offshore structures, the effect of thermo- pipe fittings have been developed. Because of
mechanical treatment on the mechanical lower carbon contents, these steels have
properties of Cu bearing age hardenable steels excellent weldability in spite of their high
was examined. Accelerated cooling and direct strength, so that they are suitable for welded
quenching after controlled rolling enhanced to structures. Considering about application of
produce the microstructure dominant of low high Cu steel as a structural steel plate in a
carbon bainite which caused the improvement of wide range, application of the TMCP technology
strength and toughness. And addition of Cu over should be researched to exert a profitable
1% was effective in both - -Cu precipitation effect on improvement of properties.
strengthening and microstructural control In the present paper, for the purpose of
through its effects on hardenability. On the development of YS460MPa grade steels, firstly,
basis of studies on the combination of thermo- mechanical properties of A710 and A710-modified
mechanical process and Cu addition over 1%, steels were studied under conditions of
heavy gage steel plate contained 1% Cu has been controlled rolling, accelerated cooling and
developed with the process of accelerated direct quenching after controlled rolling in
cooling after controlled rolling. Despite high comparison with the conventional heat
strength, this plate represents good toughness treatments. Secondly, to make clear the
in HAZs of weldment and superior in weldability effective factors in the improvement of the
because of its lower carbon content (C,- 0.05%) mechanical properties, the effects of chemical
and carbon equivalent (Ceq'"w- 0,40%). composition and conditions in rolling and

cooling on the change of properties were
examined in a laboratory. Finally, based on the
results of these basic examination, a new kind

FOR OFFSHORE STRUCTURES, increase in strength of YS460MPa grade steel plate with a thickness
and thickness of steel plates, and improvement of up to 75mm was successfully developed using
in toughness and weldability are required as the OLACII (On-Line Accelerated Cooling fl)
operation environment becomes severer. And plant. The properties of base metal and
recently, steel plates with strength higher than weldment of the developed steels are also
YS460MPa are required. In order to improve the introduced in this paper.
base metal properties and weldability of
structural steel plates, TMCP(Thermo-Mechanical LABORATORY STUDIES ON PROPERTIES
Control Process) technology has come to be used OF TMCP Cu BEARING STEELS
with a number of successful results'".
However, to meet recent strict requirements on EXPERIMENTAL PROCEDURE - Table I shows the
both strength and toughness., it is indispensable chemical compositions of steels used in this
to introduce new technology in addition to TMCP. study. Steel A is ASTM A710 steel which

It is known that addition of Cu about 1.0% contains T.2%Cu-0.7%Cr-0.2%Mo-0.O3Nb. Steel B,
to 1.2% in steels is effective in increase of A710-modified steel, contains higher manganese
strength by t -Cu precipitation hardening. On in comparison with A710 steel to offset the
the basis of this advantage, Cu age hardenable elimination of Cr and Mo.
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Table 1 Chemical composition, wt%

Sle'l C Si Mn 1' S C" N (0 M, NI, I A.AI U.N

A 0.0: 0.27 (). 1 0.00; 0.001 G.:7 0,84 0( 5 0.18 0.0 0)035 0 (41

B 0.06 0.30 1.10 o 0.01h 0,003 1. Ili 0.70 0 02! (0 025 0.0012
(C 0.046 0.28 1.02 0.00 h 0.( ) I I M 0.5 1 .-0010 0 0 ( 0.025 0(. )1'(

I 0.046 0.27 1.28 (1.007 0.I 1.0)1 0,5 0.010( (.()10 0,025 00020
I 0.048 0,27 1.52 ([1)6 0 1) 1 0'W I 1.(.0 0.14 (1)11 01 1 )) 0,025 () (X)21

Steels C-E were used to confirm adequate steels were examined. Figure 2 shows the aging
composition for thermo-mechanically processed Cu response of variously processed A710 steel.
bearing steels. The basic compositions of these In this case, controlled rolling in the
steels were similar to that of steel B, however thermo-mechanical process was finished at 800°C
Nb conteht was reduced from 0.03 to 0.01%. The in austenite region. As shown in the figure,
differences in properties according to plate the maximum age hardening took place at a
thickness is adjusted by Hn content. temperature around 500-550°C with an increase of

The conditions of multi-pass rolling with about 100-15OMPa in TS regardless of the
one pass reduction of 5-10% and heat treatments process. In the temperature range over 550°C, a
which involve aging are shown in Fig. 1. In the decrease of strength caused by over-aging was
thermo-mechanical process, the finishing rolling observed. Concerning of the effects of
temperature of controlled rolling was changed processes, the TMCP type represented by half
from 690 to 1000°C, which involved supercritical solid or solid mark has higher strength than the
rolling (,/) and intercritical (I f a) rolling, heat treatment type represented by open mark.
After the rolling, various treatments such as To be specific, compared with normalized steel,
air cooling (about: 0.8°C/s: CR), interruped the strength shows an increase of 50 to 100 MPa
accelerated cooling (10°C/s: AcC) and direct as a result of controlled rolling and 50 to
quenching (10-25°C/s: CR-DQ) were carried out. 150MPa as a result of accelerated cooling.
As the conventional heat treatments, quenching Comparison between quenched steel and CR-DQ
and normalizing were conducted after reheating steel shows that higher increase in strength by
to 900°C. Every plate was sbjected to aging 30 to 70MPa is achieved as a result of DQ.
treatment in the temperature range from 450 to Toughness deteriorated as age-hardening
650C. After aging, tensile properties, Charpy increased and the lowest toughness was observed
V-notch toughness and microstructure were around 550°C. Over-aging was preferable for the
examined. The longitudinal direction of every improvement of toughness. Figure 3 shows an
specimen was transverse to the rolling example of electron microscopic observation of
direction. fine e -Cu precipitates as a result of aging.

Thermo-mechanical process The age hardening described before is brought
about by the precipitation hardening of this F -1 100

0
CCu

Cu.

I -- T, 450 C 650'C

I5 C \ C I % Ih.

CR-DQ 0

(10 C',s 1 C.S-/

T;: 690'C 1000°(
.
,

Heat t reatoent 120\., * I$ \

9001C 160 0 r,

6 , -

A. 

_.' , a

Fig. / W..

Fig. I Conditions of rolling, cooling and heat
treatment in various process A 1 111

EFFECT OF MANUFACrURINE PROCESS ON THE
PROPERTIES - To confirm the effect of thermo-
mechanical process on the properties of Cu
bearing steels, change in strength and toughness Fig. 2 Change in mechanical properties of
of variously processed A710 and A710-modified variously processed A710 steel
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hardenability and effectively works on
transformation strengthening.

As a result, it was clarified that the
combination of thermo-riechanical process and Cu
addition over 1% was effective in improvement of
the properties through the e-Cu precipitaion
strengthening and the microstructural
improvement by grain refinement and formation of

.:20 ,__ finer low carbon bainite.

Fig. 3 Observation of e-Cu precipitates .
(Aging temperature: 6000C)

Figure 4 shows the relationship between r.
tensile strength and Charpy transition . . -, -- -

temperature of variously processed A lO and .. - -

A710-modified steels. The effect of thermo- .
mechanical process on the properties is
obviously revealed in this figure. Compared
with the conventional heat treatments, thermo-
mechanical process brought about remarkable
improvement in both strength and toughness. -
Especially, high strength and toughness such as ' wC .. m
tensile strength higher than 700MPa and vTrs -, - - . .
lower than -80C were achieved by AcC or CR-DQ Fig. 5 Microstructure of variously processed
in both steels. A710 steel, (a) normalizing

These changes in properties can be almost ( a) oling
(b) controlled rolling (c) interrupted

explained by the differences in microstructures accelerated cooling (d) direct
shown in Fig. 5 Both normalized steel and CR quenching after controlled rolling
steel show ferrite-pearlite microstructure, but
the CR steel show finer ferrite grains. On the
other hand, the steels processed under the EFFECT OF TMCP CONDITIONS AND COMPOSITION
condition where cooling is provided consist of ON THE PROPERTIES - To clarify the effective
mainly low-carbon bainitic structure containing factors for improvement of properties in thermo-
some ferrite. Furthermore, this structure is mechanical process, the effect of rolling and
characterizea y extending in the rolling cooling conditions on the properties was
direction. The improvements in stiength and studied.
toughness may be mainly attributed to this Figure 6 shows the change of properties of
structural change. Cu brings about not only age A710 steel with variation of finish-rolling
precipitation hardening but also improvement in temperature from 690 to 1000C. The ferrite

transformation temperature Ar. of A710 steel was
20 around 780C. Therefore, both supercritical and

/I,-ilh,,' in te rc r i t ic a l ro ll in g w e re in c lu de d in the se5//

10 "conditions. In the supercritical rolling in
which finish-rolling temperature was above Ar3,

R \. little change of strength was observed with
, variation of finishing temperature. Nearly

. , 0/°0 /identical properties were obtained in a wide

-/ / 0// range of temperature except for 1000 C .
9 / 0Deterioration of toughness was observed in steel

0,) .o ho/ (,fin ish-ro lled a t 1000 C . Compared w ith the
,-- supercritical rolling, some decrease of strength

was observed in the intercritical rolling

) .. , . i finish-rolled below Ar3 .
SI .. . ,The change of microstructure with variation

. . . .. ..- o f f i n i s h - r o l l i n g t e m p e r a t u r e i s s h o w n i n F i g .
. "7. In the case of finish-rolling temperature at

S1000C, coarse grained upper bainite was

Fig. 4 Relationship between ztrength and observed, which caused deterioration of
toughness in variously processed A/O toughness. Under the conditions of finishi-
and AIIO-modified steels rolling at 950 and 8OOC in supercritical
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region, elongated and finer microstructures were resulted in deterioration of the mechanical
obtained. Austenite grain refinement through properties. Producing bainite-dominant
hot working and deformation in microstructure without coarse plolygonal ferrite
unrecrystallization region which resulted in by accelerated cooling is more effective for
deformed microstructure were necessary to increase of strength than producing deformed
improve toughness. ferrite by intercritical rolling.

On the other hand, in the intercritical The changes in property effected by
rolling, the formation of coarse ferrite grain changing the cooling rate in the accelerated
was observed. Although deformation was imposed cooling were examined using steels C to E and
to the transformed ferrite by the intercritical are shown in Fig. 8. The test was conducted
rolling, strength decreased as shown in Fig. 6. under the conditons where finish rolling
When accelerated cooling or direct quenching was temperature was 810°C and aging temperature
applied, supercritical rolling was preferable 600C. As to the cooling rate range, rather
because ferrite formation prior to the cooling slow cooling rate of 4 to 10°C/s was applied,

since the test was intended for thick plates.
As shown in Fig. 8, strength and toughness

-40 improve with an increase in cooling rate. These
effects are also obserbed in the slow cooling
rate of about 40C/s, and conspicuous was the

8 effect of improvement in thoughness. CR steel
almost satisfies the requirement of YS460MPa
steel with regard to strength, but accelerated
cooling is advantageous with regard to

4 toughness.
Figure 9 shows the changes in

microstructure resulting from accelerated
cooling. Formation of polygonal ferrite with
rather rough grains is observed in the steel on

_o - controlled rolling (CR steel), however,
o--accelerated cooling suppresses polygonal ferrite

formation with a resultant transformation of the
-lJ, I -structure into mainly consisting of low-carbon

bainite with improved toughness.

Ir 81 41 00Cf 40'~ilSO i h ' t

6,, 0 a 4 ht

0 0 •12-

Fig. 6 Effect of finish-rolling temperature -- -.--- -
on mechanical properties in A710 steel

, A '(b

A ---------- -

. -. . .

Fig. 8 Effect of cooling rate on mechanical

(a) I00°C (b) 950°C properties
(c) 800°C (d) *30 C

Fig. 7 The change in microstructure of A710
steel with variation of finish-rolling
temperature
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Variation of properties with Mn content is
shown in Fig. 10. As shown in the figure, it is

. .possible to improve both strength and toughness
by increasing Mn content. Although cooling rate
for steel plate varies with plate thickness, the

•. - changes in property with the difference of
< cooling rate controllable through a adjustment

of Mn content. It can be seen that about 1.0 to
1.3% of Mn needs to be added for plates of about

-r "25 to 40mm thickness for which cooling rate of
10C/s or higher may be applied and about 1.5%
of Mn for thick plates (50 to 75mm) for which
cooling rate of about 5°C/s is applied.

U)

S"-PROPERTIES OF DEVELOPED STEELS

. .MANUFACTURING PROCESS - Based on the

laboratory studies described in the preceding
- . Chapter, mill trials were performed in order to

develop YS46OMPa grade steel plate. The aimed
properties of trial plate are shown in Table 2.
To manufacture the steel plates with thickness
of 30mm and 75mm respectively, steels having the
compositions shown in Table 3 were manufactured

N.in a basic oxygen furnace. With the basic
U - composition of 0.04%C-1. 1%Cu-0.6%Ni-0.01%Nb-
* -0.01%Ti, the 30mm thick steel had Mn content of

1.28% and the 75mm thick steel had that of
... .1.48%. Carbon equivalent in each steels was
5Om Ceq(IIW) 0.40 and Pcm=0.17% approx., which are

relatively lower value despite that high

Fig. 9 Change in microstructure with variation strength steel is aimed at.
of cooling rate (finishing rolling For these steels, the optimum condition ofofcoln rate (finsin rlcontrolled rolling-direct quenching (CR-DQ) as
temp.: 810°C, L.28%Mn) described in the preceding Chapter was applied

in the rolling mill. To get enough toughness of
40 the base metal, the reheating temperature was

- 6 & kept as low as possible or in the range from 950
0 M 4 . to 1000'C, so that even at such low temperature

"-.- o 1 . range, solute Nb can be maintained. The finish-
O---- rolling temperature was set in the range of

- austenitic single phase region with temperature
higher than Ar3 point.

Immediately after rolling, water cooling
was conducted by OLAC [I equipment. The cooling

621) rate at that time was 28°C/s for the 30mm steel
_. -- and 5°C/s for the 75mm steel, and the cooling
-A-- - '- --- stop temperature was lower than 200°C.

--------------

Table 2 Requirements for YS460MPa grade steel

0/. lick i .%% mri -75,

Msh~NS, MPa -'460
1

-. 0 .cai A I ,ptw S, MPa 5 70 " , " 7 2(1

_-.lo-' . .. ... .-- v'I 0 J 401 A\ve 1,2"7lmi I

_'0 ... J 141 ,\w I
I , I I 4 I Vcldjhus t'+ + o mm. 1

Mn 1 prt'healing ,2

lemp ,("

Fig. 10 Change in mechanical properties with (111,a] ,nip,,.. P, m-21,

variation of Mn content
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Table 3 Chemical composition (basic oxygen furnace), wt%

Steel C Si Mn o ° u" <T o.Al N Co ooPcm I Thick-

F 0.030 0.245 1.48 10.004 0.004 1.05 10.57 0.0120 0.019 J 0.0230 0.0035 0.36_ 0. 172 30

BASE METAL PROPERTIES - The mechanical To examine the toughness against brittle
properties of the base metal after aging at crack initiation, the base metal was also
temperature in the range from 550 to 650*C are subjected to a CTOD test using a full-size
shown in Fig. 11, where the properties of the (Bx2B) test piece. Transition curves obtained
steel in the thickness direction classified by from the test result are shown in Fig. 12. As
position (i/4t, 1/2t) are shown. First, a is evident from the curves, both the 30mm steel
review of the properties of 30mm ste'4 shows and 75mm steel showed the critical CTOD value of
that strength of TS70OMPa is obtained from aging larger than imm at -1O°C. Even at a lower
at 550°C and TS60OMPa from 650°C. temperature, e.g. at -40°C, the value (a5x) was

In other words, varieties of strength 0.4mm or more, showing excellent toughness
levels in the range from 600 to 700MPa can be against brittle crack initiation.
obtained by adjusting the aging temperatue. The Results of NRL drop weight test are shown
yiled stress in this case is invariably higher in Table 4. The tested material was a 30mm
than 550HPa. In the case the subject steel is steel, and the test was conducted with one side
YS46OMPa, it is possible to get the required of the plate reduced to a thickness of 25mm. As
strength from the aging condition of 650°C. the direction of crack propagation, both the
Examination of toughness (vTrs) shows the value rolling direction (Direction L) and the
of about -80°C is obtained by aging at 550°C, direction perpendicular to the rolling direction
and toughness improves with an increase in aging (Direction T) were subjected to the test. The
temperature. With the aging temperature of NDT temperature was -70 and -85C respectively.
650C, the value of vTrs is about -120C. The This level may be satisfactory as the steels
absolute values in all cases of conditions show with approximate strength of TS60OPa. This is
excellent properties, which little vary with the result of reflection of the controlled
plate thickness positon. rolling effect and the microstructure improving

On the other hand, the 75mm steel shows effect achieved by application of accelerated
that the strength level is generally lower than cooling.
the 30mm steel, because the cooling rate is
reduced from 28°C/s to 5°C/s. However, its 3

strength little varies witn position in the
thickness direction, and the required properties
canbe derived from the aging temperature in the At I-
range from 550 to 600°C. In this case, since /

the toughness (vTrs) of less than -80°C is 7
obtained at the center of plate thickness, the //

steel plate has sufficient Charpy impact
toughness as the base metal property.

- 20

160 3 : 01i i ] 2 0 L..2 t 75,2,2 .I 4$ Nhi, i

700 1 1/

600 0 - 0 . 4-4

500

0 5 "1

I , r , ;.- ,o
ll * l (IF 0 4i 10 ,

400 $02 I
N

[rl ~~~+

A,\ A ,t 50 600 650o ..A,,t L 550 6o so Fig . 12 C TrOD test results of base metal

Fig. 11 Relationship between aging temperature
and mechanical properties
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Table 4 Results of NRL drop weight test The result of Charpy test conducted on

(301m: 1.28%14n) welded joint is shown in Fig. 14 in terms of
absorption evergy vE at -40°C. The test pieces
were sampled from the position of 1/4t region of

Dixection -90*C-~8SC-80'C-70' -6S'C-
0
C NDTT, the final side. In the 30mm steel, in the

region near the HAZ Imm from the fusion line, a
L 00 00 00 00 -70 lower toughness value than those at other

30mm T * 000 00 -85 positions was observed. However, since
absorption energy higher than 60J was obtained
at even the lowest position, a satisfactry
property is secured compared with the

WELDED JOINT PROPERTIES AND WEIDABILITY - requirement in Table 2.
As the properties of welded joint, tensile
strength, hardness distribution and the 350

toughness (Charpy impact property, CTOD 0

property) at each position of welded joint were 300 0 0 o

measured. The welded joint was fabricated by 0 0

the welding process, SAW with heat input of 45
to 5OkJ/cm. Maximum hardness in weld heat- 30.. ,,
affected zone and Tekken Type Y-slit cracking 0 7..

test were also conducted to examin the 6

weldability and low-temperature crack 150 0 
susceptibility.

The results of tensile tests conducted on fog
the welded joint of the 30mm steel is shown in
Table 5. It has sufficient welded joint
strength, showing the tensile strength of about
61OMPa. Also, since the ruptured position is
located in the base metai, there occurs little , ......... 11/ 1/
softening in HAZ of welded joint. Figure 13 ..
shows a hardness distribution at each position
of welded joint. Due to the low-carbon
composition, no detrimental hardening in the HAZ Fig. 1t4 Toughness of welded joint
region was observed.

Table 5 Tensile test results of welded joint

TS. MPa Break point

614.5 . Base metal Ha m t
As weld 613.0 L id---

611.5 /

PWHT 603.7 ,

(600'( x I hi) 609.8 ,6 80 3

609.8n hm

- h."'SI I0I hlt
I

0~~~,/ t, f .ct- .-00

,jiI-

220 0 03 /a metal

220- 03~ 3 ,~%%,o-d metal

d V 6 / * VWeld its-it,)d /" +F 1L
no "sl~. , Mn 0

I-prru o,-00 - . - 0 Ilii lte)I,

80 60 40 20 0 20180 IV Iep~atr-

160
25 20 IS 10 5 0 5 10 15 20 25

i,-i,,, e ....... ,,, t,- ,,. , ...... Fig. 15 CTOD test results of welded joint
(30ram')

Fig. 13 Hardness distribution 
of weldment
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The results of CTOD tests conducted on improvement through controlled rolling and

welded joints are shown in Fig. 15 with respect accelerated cooling.

to the 30mm. The test was conducted by (2) The basic composition of developed steels is

introducing notches into the fusion line region O.04%C-1.3/1.5%Mn-I.ICu-0.6%Ni-0.Oi%Nb-O.O1%Ti
and the HAZ boundary region corresponding to the system, and it is possible to obtained the

intercriticallly reheatd region. As shown in required strength by appropriate aging treatment
Fig. 15, the test result for the HAZ boundary despite the low-carbon equvalent composition.

region shows the property almost equal to the (3) Base metal toughness showed excellent values

base metal property provided as a reference in as a result of application of TMCP, i.e. Charpy
the figure, i.e. the test result shows a vTrs<-80C was obtained even at the mid-
satisfactory value of ax>1.Omm at -10C. On thickness of plate, and the critical CTOD value

the other hand, the transition curve for the showed 6x ,o(.>lmm.

fusion line region is located lower than that (4) The properties of welded joint at the heat

for base metal. However, it can be seen that input of 5.OkJ/mm showed sufficient tensile

the property is well exceeding the requirement strength and satisfactory values of vE 4 0 o.>60J

even in the most brittle region, since the and 5x ,, o,->0.4m even in the coarse grain
critical CTOD value at -10C, is higher than region of HAZ.
0.6mm. In the case of CTOD test results on (5) The result of low-temperature crack

welded joint of 75mm thickness plate, the fusion susceptibility test has proved that the

line region consisting of coarse grains also developed steels can be dispensed with
showed the lowest value, but a statisfactory preheatine.
property of 5x> 0.4mm was obtained.

Maximum hardness test were conducted REFERENCES
according to JIS-Z3101 (Testing Method of
Maximum Hardness of in Weld Heat-affected Zone). 1) Tsukada, K et al., Pro. 23rd Mech. Working &

NB2N was used as an electrode. The maximum Steel Processing Conf., p.347 (1982).

hardness in that case showed Hv(10)=258. When 2) Kozasu, I., Accelerated Cooling of Steel,
the strength level of the base metal is taken TMS-AIME, p.15 (1985).
into consideration, it may be a sufficiently low 3) "Symposium of the Application of TMCP Steel
value, to Welded Structures", Japan Society of Ship-

To examine the low-temperature crack building Engineering, (1983).
susceptibility as weldability, an oblique Y-slit 4) "Review on Properties of Thermo-mechanically
cracking test was also conducted. The test Controlled Processed Steels", Iron and Steel
reslts for the 30mm steel plate showed that no Institute of Japan, (1986).
cracking occurred in the tested preheating 5) Harasawa, H et al., Int. Conf. on "Welding

temperature range from 75°C down to 25C. This for Challenging Environments", Tront, Welding
results indicate the possibility of dispensation Institute of Canada, (1985).
with preheating in the welding. 6) Jesseman, R. J et al., HSLA Steels Technology

From the test result described above, it and Applicaions, ASM, p.655-666 (1983).
may be said that the developed steels have high 7) Tsukada, K et al., Nippon Kokan Technical
toughness in HAZs including the CTOD property Report Overseas, No.32, p.1 (1981).
and excellent weldability where can be dispensed
with preheating. This may be attributed to the
low carbon composition in which carbon content
is reduced as low as possible by effectively
utilizing the age precipitaion of Cu.

CONCLUSION

To develop YS460MPa grade steel plate for
offshore structures, the effect of thermo-
mechanical process on the mechanical properties
of Cu bearing age-hardenable steels was
exmained. After widely ranged research on the
effect rf its composition and processes on the
properties, following results were obtained in
this study.
(1) Application of accelerated cooling after
contrleed rolling, and aging treatment to high
Cu steel can achieve remarkable improvement of
strength and toughness. Cu had effects on both
age precipitaion hardening and microstrictural
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PROPERTIES OF COLUMBIUM-MANGANESE
HIGH STRENGTH STEELS WITH

AN EXTRA-LOW CARBON

Baltasar Hernandez-Reyes, Cuauhtemoc Maldonado-Zepeda
Instituto de Investigaciones Metalurgicas Morelia

Michoacan. Mexico

quenching and tempering which properly applied
ABSTRACT could be used in producing steels with improved

properties, So that, for low-carbon contents,
The principal objective oT this research is to columbium microalloying, increasing manganese
study two specific columbium-bearing steels contents and cooling after rolling, may affect
with increasing manganese contents and to deeply the mechanical behaviour of steels.
determine the effect of manganese using two A properly combination of all these factors allow
types of cooling rates: air-cooling and water- to obtain steels with a wide range of properties
quenching. Moreover, the influence of
reheating temperature on the 'mechanical METALLURGICAL FACTORS
properties of these particular steels was
analysed too, The studied steels have the EFFECT OF CARBON - Carbon is one of the most
following chemical composition Steels l(low- potent and cheapest strengthening elements
carbon): 0.12 C, OO51, Cb, 0.23 Si, 1.10- Carbon has a beneficial influence on yield and
4,71, Mn, Steels II (extra-low carbon): 0o037,C, tensile strength but steels with high , bui,
0,041. Cb, 0,15", Si, 0.6,-4.15 Mn. According amounts exhibit poor toughness and weldability
to results Steels I show an increase in tensile Compared to higher carbon steels, the lower
p-rrLerties when manganese addition is between carbon steels have a lower transition temperaturc
1 1' to 3, Mn but from 3' to 4.71. Mn, this and higher absorbed energy in an impact test for
element does nnt produce remarkable effect on the a given strength. Therefore, the carbon content
tensile properties of such steels, should be kept low. Carbon is also the main
Microstructure of Steels change with manganese contributing factor in all carbon-equivalent
content and cooling rate from ferrite-pearlite formulas. For alloy systems that produce
to bainite and martensite, Steels II show and acicular structures, carbon has a deleterious
increase of tensile properties as manganese influence and must be further reduced to at least
content increases from 0.96" to 4,25' Mn, 0,10. maximum, and to 0,06'! for the higher alloy
Microstructures change depending upon manganese systems, In small amounts, the principal role of
content and the cooling rate, from polygonal carbon is to favor precipitation Consequently,
ferrite to acicular ferrite and bainite, carbon could be specified between 0.01 and 0.02'

required by columbium-carbide precipitation.
Generally, any increase above this level is

INTRODUCTION detrimental, but it is not practical to specify
carbon contents lower than 0.06' for steelmaking,

STEELS WITH EXTRA-LOW CARBON contents have better The decrease in toughness occurs because the
toughness, weldability and formability than plain high-carbon regions ajt as void-nucleation sites
steels; there is a world tendency to decrease during impact loading . Although higher carbon
carbon content in order to improve all these contents aid in depressing the ferrite-pearlite
properties. However, an extra-low carbon content transformation and therefore contribute to the
produces a low-strength steel, unless it would be formation of acicular ferrite. The loss of
microalloyed with columbiun, vanadium, titanium toughness is easily compensated by increasing
or alloyed with a large amount of elements such other alloy constituents having no effect on the
as manganese. These elements could strengthen loss of toughness, Grain refining and
steel by grain refining, precipitation hardening precipitation hardening have a helpful influence
or by solid solution. Moreover, there are on the strength of steels; therefore, the levels
process techniques like contrcllEd rolling or of carbon and alloying elements can be decreased
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in steels. Modern microalloyed steels use carbon retained austenite in quenched steels.
contents lower than 0.10%. Toughness could be improved by a reduction

EFFECT OF MANGANESE - This element is in carbon. However, low-carbon contents could
normally present in all commercial steels cause the formation of embrittling-carbide
becwuse it comes from used raw materials and is filaments on the ferrite boundaries if they are
purposely added to combat the detrimental effect accompanied by low manganese contents or slow-
of sulfur and oxygen which are always present in cooling rates from austenita. In order to avoid
steelmaking processes. Manganese is important in the growing of reducing-toughness elements,
steelmaking because it deoxidizes the melt and larger amounts of aanganese or faster cooling
facilitates the hot working of stee by reducing rates rnust be usedo .

the susceptibility to hot shortness'. Manganese EFFECT OF COLUMBIUM - Columbium affects the
combines with sulfur to form manganese sulfide three critical temperatures of austenite: the
stringers, which improve the'machinability of grain coarsening temperature, the recristalliza-
steels; otherwise, steels could not be hot tion temperature and the austenite-to-ferrite
worked because with no manganese in the melt, transformation temperature. An understanding of
sulfur would react forming the sharply these factors allows the prediction of the
embrittling iron sulfide 3.  response o austenite to thermomechanical

Manganese is a solid-solution strengthener processing-.
and a good hardener that increases strength and When the reheaLing temperature of the ingot
does not impart brittleness to the steel. Thus is kept below the grain coarsening temperature,
this later retains its ductility, Also, the columbium carbonitride average size is very
manganese is a promoter of toughness. Most small and promotes grain refining of austenitic
steels contain from 0.30 to 0.90- Mn. From 0.90 grain- The recrystallization temperature must
to 1.60% manganese is used to strengthen and be as high as possible to allow as much deforma-
harden steels while retaining their toughness. tion as possible (the largest number of rolling
Manganese tends to form carbides but its tendency passes) to occur below the recrystallization
is weaker than in the case of elements such as temperature; the induced precipitation of
chromium or titanium but stronger than iron. With carbonitrides of columbium by strain prevents
low-carbon contents manganese dissolves itself in recrystallization of the heavily defqrmed
ferrite, strengthening it. Increasing manganese austenitic grains during hot rolling . Columbium
content decreases the carbon content of the is more efficient than titaiium and vanadium to
eutectoid point and stabilizes austenite rise the ecrystallization temperature; thus,
depressing the aistenite-to-ferrite transforma-- columbium is generally used to increase the
tion temperature3. recrystallization temperature. Also, columbium

The lower the austenite-to-ferrite strengthens steels by precipitation hardening.
temperature the wider the potential temperature Although precipitation of columbium is important
of controlled rolling. In mild steels in which for proper conditioning of austenite during
the transformation temperature is higher than the thermomechanical processing, enough columbium
recrystallization temperature of ferrite, normal must be left in solution in theaustenite to
controlled rolling often results in rolling after provide for precipitation hardening of ferrite.
the austenite-to-ferrite transformation, which The amount of precipitates formed in the
may produce coarse recrystallized ferritegrains4. austenite should be the minimum required to
The detrimental effect of carbon on ductility produce this effect. The columbium contents
avoids its use for transformation-temperature must be enough so as it remains in solution to
control, as a result high manganese contents are promote hardenability and hardening preci~ita-
desirable for controlled-rolled steels. Manganese tion in steel thus helping grain refining
delays the transformation temperature
contributing to refine ferritic grain. PROCESSING FACTORS
Low-carbon and high-manganese steels tend to form
acicular ferrite with high cooling rates . REHEATING TEMPERATURE - The ingot reheating

If the temperature at which bainite starts temperature determine the initial austenitic
to form could be depressed while maintaining a grain size and the condition of microalloying
low-carbon weldable composition, steels of even elements High reheating temperatures favor large
higher strength could be developed forming fine- starting austenitic grain sizes and dissolution
grained acicular ferrite, This temperature of of most microalloying elements In general, high
transformation can be depressed by alloying reheating temperatures are associated with higher
elements such as ranganese which is an strengths and poor resistance to brittle
attractive choice Too much manganese, however, fracture Low reheating temperatures produce
would depress the transformation so much that the opposite results Hence, thick sections
bainite would be formed impa ring yield strength should be rolled using lower reheating
and toughness. Manganese is usually limited to temperatures to produce optimum toughness. Thin
about 1.5 to 1.7%, but higher manganese can be strip, where high strength is an advantage,
tolerated by decreasing carbon content and should be he ted using higher reheating
cooling rate5  Manganese decreases the temperatures .
temperature at which martensite is formed during DIRECT QUENCHING - This process promotes
quenching; thus, it increases the likelihood of important phase transformations of austenite,
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leading to achieve structures such as acicular- TE.,EL N.s, I
ferrite, bainite or martensite, depending on the STENT STNGTH

hardenability of steel and the cooling rate. OUENCED
Beneficial structures will be only obtained with 13So

a proper balance between hardenability which
depends on chemical composition, and cooling rate
which in turn depends on plate gage and the -

severity of the cooling medium, -1o I

EXPERIMENTAL PROCEDURES / /
/ i
/ /

The produced steels have the follcwing /
chemical composition: Steels I (low-carbon): 0o 950i.

0.12C, 0.053:-Cb, 0,23"Si, 1.10-4.71%Mn. Steels
II (extra-low carbon): 0,037'C, O.041 ' Cb, 0,15 - /
Si, 0.96 -4.15 Mn. Both type of steels were z
molten in a 250-kg induction furnace. A scrap
steel with 0,28 C was used, this scrap was /

decarburized adding oxygen to thelbath. The /
iielted steel was tapped at167 0 OCar-dcast into
5-kg ingots, with the following dimensions: 7

37-mm thick, 50-mm wide and 250-ini high. sso
Subsequently, the ingots were thermomechanically
treated: each ingot was reheated at temperatures e
between 1050 and 1250 0C and were rolled into
plates in a 50-tons rolling mill, until getting 350 _ __ ____ ____ ___

a 57 reduction, using constant load and speed. 0 1 2 3 4 5

The finish-rolling temperature was 850'C. After MANGANESE, %
rolling the plates were air-cooled or water-
quenched. Finally, specimens were taken from Figure 1. Tnfluence of manganese on strength of
each plate for chemical and metalloraphic low-carbon steels I. With 0.108 -0.132 C,
analyses, and also for mechanical testing. The 0.045 -0.066 Cb and manganese between 1.10 and
temperature in the ingots during rolling was 4.71 Mn
monitored with a thermocouple placed at the water-quenched steels The transition temperature
middle of the ingot thickness. Chemical of air-cooled steels depends upon the changes of
compositions of studied laboratory steels are microstructure (Figure 3). Initially, the matrix
shown in Table I is ferrite-pearlite. As the manganese content

Specimens were taken out from each ingot increases, it appears acicular ferrite and
according to the ASTM A-370 specification bainite Figure 4). Steels with a bainitic
Among the properties determined were: yield matrix have an increase in the transition
strength, tensile strenoth, elongation, Rockwell temperature which decreases with the appearence
hardness and impact transition temperature which of martensite. Water-quenched steels do not show
was determined for 20-Joules; all results are a specific behaviour.
shown in Tables II and Ill.

40

S EL
ISCUSSION OF EXPERIMENTAL RESULTS .,A coot o

32 T, CuEC-ET

COMBINED EFFECT OF MANGANESE AND z
QUENCHING - In general, increasing the 24-

manganese content improves strength but elongation
decreases; the transition temperature increases z ,A -
with manganese content but this effect is related
to the phase transformation induced by cooling.

In low-carbon steels I (Figure 1) for air- a "
cooled steels, manganese produces an i:icrease in
yield strength of 147 MPa per 1 of manganese. In O  II
water-quenched steels, between 1 5 and 3 Mn, an 0 3 4

increase of 372 MPa per I Mn is produced. ANC, A N f ,

Manganese contents from 3 tn 4 71 does not i-igure 2 Influence of manqanese on elonqation
increase the yield strength in water-quenched of low-carbon steels 1. With 0.1 -0.13 C,
steels, because these steels reach a martensitic 0.045 -0.06b Cb and manganese between 1.10 and
structure difficult to be hardened; thus, it is 4.71 Mn.
not very convenient to rise the mrnganese content
above 3 in order to improve the yield strenoth. In extra-low carbon steels II, manganese
The elongation decreases as the manganese content increases the stinoth of air-cooled stee]s Ih
becomes higher (Figure 2) in both; air-cooled and
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TABL.E I, CHEMICAL COMPOSITION OF EXPERIMEITAL
STEELS.

STEEL Carbon Columbium Manganese Silicon Aluminium Phosphorus Sulfur

I.-A 0.132 0.045 1.10 0.20 0.030 0.010 0.030
L-B 0.118 0.049 1.62 0.23 0M026 0.012 0.024
L-C 0.113 0.048 2.21 0.22 0.025 0M013 0.024
I-D 0.109 0.053 2.71 0.23 0M036 0M013 0.023
I-E 0.108 0°047 2.90 0.22 0.032 0.013 0.024
I-F 0M132 0.066 3.65 0.24 0.039 U.013 0M022
I-G 0.124 0.049 4.00 0.21 0.038 0,011 0,022
I-H 0.113 0.058 4.55 0.21 0M039 0M014 0.021
I-1 0.129 0,058 4.52 0.21 0.039 0.014 0.020
I-j M,122 0M060 4.71 0.20 0.039 0.014 0015

11-A 0,037 0.037 0.96 0,15 0,014 0.011 0M026
II-B 0,038 0.038 1.55 0.14 0M021 0M010 0,024
II-C 0,038 0.042 2.27 0.15 0.023 0.011 0,022
II-D 0.038 0.043 2.81 0.15 0.023 0o011 0.022
II-E 0M035 0.053 3.40 0M15 0.029 0,012 0o021
Il-F 0.037 0.061 3.89 0.16 0.034 0012 0.020
11-G 0,034 0.058 4,15 0M17 0.028 0,013 0,018

TABLE II, MECHANICAL PROPERTIES OF LOW-CARBON STEELS I,
eneating Yield Tensile Elongation Hardness ITT Type of Cooling.

STEEL Temperature Strength Strength,
°C MPa MPa % 0C

I-Al 1150 431 500 29 83HRB -12 A
I-A2 12E0 451 510 32 81HRB -25 A
I-81 115 412 569 29 89HRB -34 A
1-112 1150 657 784 20 26HRB -25 Q1-83 1250 431 578 30 88HRB -34 A
1-Cl 1150 471 647 27 93HRB -23 A
I-C2 1150 941 1088 11 37HRC -34 Q
1-C3 1250 480 657 25 93HRB -18 A
I-D1 1150 578 716 20 20HRC - 8 A
I-D2 1150 1137 1245 11 41HRC -24 A
I-D3 1250 598 784 18 20HRC - 8 A
I-El 1150 676 902 14 30HPr 4 A
I-E2 1150 1167 1274 9 40HRC -59 Q
I-E3 1250 578 784 11 38HRC -- A
I-Fl 1150 774 951 11 30HRC 11 A
I-F2 1150 1-07 1255 7 40HRC -59 Q
I-F3 1250 794 970 9 26HRC -10 A
I-Gi 1150 804 990 6 35HRC -25 A
I-G2 1150 1137 1284 14 35HRC 5 Q
I-G3 1250 921 1067 9 42HRC -- A
I-H1 1150 921 1147 8 40HRC -- A
I-H2 1150 1088 1294 10 42HRC -36 Q
I-H3 1250 931 931 4 39HRC -- A
I-l 1150 912 1186 2 40HRC -- A
1-12 1150 1068 1068 1 42HRC -- Q
1-13 1250 323 1039 1 39HRC -- A
1-J1 1150 1068 1216 12 40HR-- A
1-J2 1150 1225 1225 1 43HRC -- Q
I-J3 1250 1157 1255 9 40HRC -- A

A = Air - cooled steel. Q = Water - Quenched
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TABLE III. MECHANICAL PROPERTIES OF EXTRA-LOW CARBON STEELS II.

Reheating Yield Tensile
STEEL Temperature Strength, Strength, Elongation Hardness ITT Type of Cooling0C MPa MPa % °C
Il-Al 1050 343 412 42 71HRB -53 A
II-A2 1050 421 510 28 89HRB -76 Q
1I-A3 1100 363 431 39 73HRB -53 A
I.-A4 1100 421 510 35 86HRB -65 Q
11.-Bl 1100 402 470 39 80HRB -63 A
II-B2 1100 451 588 28 90HRB -77 Q
I1-B3 1175 402 490 35 80HRB -53 A
1I-B4 1250 392 500 35 81HRB -46 A
11-Cl 1100 421 559 27 88HRB -17 A
II-C2 1100 676 774 18 23HRB -53 Q
II-C3 1175 441 588 27 88HRB -21 A
I1-C4 1250 441 559 25 86HRB -- A
I1-DI 1100 500 657 26 93HRB -28 A
II-D2 1100 784 892 16 31HRC -53 Q
11-D3 1175 510 627 24 92HRB - 8 A
II-D4 1250 500 627 25 91HRB - 4 A
II-El 1100 598 716 20 96HRB -23 A - -

II-E2 1100 892 980 14 36HRC -30 Q
II-E3 1175 578 706 23 97HRB - 7 A
II-E4 1175 882 990 14 32HRC -42 Q
II-E5 1250 588 725 18 96HRB - 2 A
II-Fl 1100 637 765 18 21HRC -20 A
II-F2 1100 912 1000 10 33HRC -12 Q
II-F3 1175 618 765 17 21HRC -13 A
1I-F4 1175 912 1010 I1 34HRC -- Q
II-F5 1250 647 774 15 21HRC -12 A
I-G - 1100 706 843 12 25HRC -- A
I1-G2 1100 961 1039 9 36HRC 1 Q
11-G3 1175 716 823 10 22HRC -- A
I-G4 1250 686 823 15 22HRC 41 A

A = Air - cooled steel. Q = Water - quenched. -30E

1*AIR-COOLED

QUENCHED

increase in yield strength is 108 MPa per 1% Mn;
and the efficiency in water-quenched steels is
167 MPa per I' Mn but elongation decreases .1o *
(Figures 5-6). The transition temperature rises *

in both air-cooled, and water-quenched steels with
the increase of manganese. Initially, steels \
have a ferritic structure (Figure 7) when the -10- *.

..ianganese content is low, but as manganese
content increases structure becomes more
acicular (Figure 8) being acicular ferrite with - ,
small amounts of manganese and bainitic when
manganese content is increased or quenching is -30

applied.
EFFECT OF QUENCHING - Quenching allows to

get higher strength properties but it lowers
ductility of steel. In general, water-quenched -so
steels have lower transition temperature than
air-cooled steels. Quenching involves faster
cooling rates, which could promote finer and
acicular structures. In steels II (Figure 7) the I I

transition temperature of water-quenched steels 0 2 3 5

is lower than air-cooled steels, In steel II, it MANGANESE, %

is possible to reach transition temperatures as
low as -770C if quenching is applied, (Table III). Figure 3, Influence of manganese on transition
The better transition temperature are obtained temperature of low-carbon steels I. With
with manganese contents not higher than 2% in 0.11%-0.13% C, 0.045%-0M066% Cb and manganese

.,tr--uc he-' stels. beLween 1.10'/ and 4./i7 11n.
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Figure 4. Microstructures of low-carbon steels Figure 5 Influence of manganese on strength of
I. I-BI (air cooled with a ferrite-pearlite extra-low carbon steels II. With 0.031-0.05, C,
matrix) -nd I-B2 (quenched with a bainitic 0.037-0.061 Ch and marganese between 0.96 and
matrix) with 0.13 C, 0.049- Cb and 1,62 Mn. 4.15 Mn.
i-HI (air-cooled with a bainitic matrix) and
I-H2 (quenched with martensitic matrix) with so
0.113 C, 0 058' Cb and 4.55- Mn. EL ,,

t0 A iR-COQLEO

EFFECT OF REHEATING TEMPERATURE - 0 40- * oECED
increasing the reheating temperature of the
ingot, increases slightly the yield and tensile 30

strength; although, the transition temperature
zdecreases. Steels with the same composition, for 0 20

instance, steel I-BI with a reheating temperature , e
of 1150'C, reaches a yield strength value of o*
412 MPa and I-B2, 431 MPa as shown in Table II;
the transition temperature decreases showing _o __
small effect. Steels 1I have the same tendency, 0 1 2 3 4 5

This effect is related to the more complete MANGANESE ,
dissolution of carbonitrides at higher
temperatures which enhances the hardening precipi Figure 6. Influence of manganese on elongation
tation influence of columbium. In order to of extra-low carbon steels II With 0 03'-0.04^C,
maintain lower transition temperatures where 0.037-0.061 Cb and manganese between 096" and
necessary, it is advisable to reheat the ingot A.I5 Mn
at low temperatures.

structure are developed. For air-cooled steels,
SUMMARY manganese increase the strength properties as its

content is increased.
1. Low-Carbon Steels I. Manganese contents in
the range of 1.10 and 3, and for both, air-colled 2. Extra-low carbon, Steels II. For manganese
and water-quenched steels, increase yield and content between 0.96% and 4.15", the yield and
tensile strength and its influence on transition tensile strength increase as the-manganese
Lemperature depends on the phase transformation content is gradually rised. This tendency ,
induced by quenching and the manganese level. roT' observed in both, air-cooled and water-quenched
'a-s , mcnganese oetween 3% and 4.71% in water- steels. For low manganese contents a low
quenched steels manganese does not produce any transition temperature is reached, but increases
increase in strength properties as its content with the manganese content; manganese and
is increased. On this range, martensitic
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quenching promote bainitic structures in steels ' 4. .'d
as the manganese content increases from 0.96, to "

4.25,. A.'I

*20

STEEL 11
0 AIR COOLED II A3 -

OUENCHED

30p

0 -20 /.

- //,i,.%., .,,

-60 / .- b.. . , .0I/

/" Figure 8. Microstructures of extra-low carbon
/ steels II. II-A3 (air-cooled with polygonal

ferritic matrix) and II-A4 (quenched with
-80 1 3 4 5 acicular-ferrite matrix) with 0.04- C, 0.037 Cband 0.96 Mn. II-Fl (air-tooled with a ferrite-

MANGANESE. % bainite matrix) and II-F2 (quenched with bainite

Figure 7 Influence on transition temperature of matrix) with 0.037 C, 0.061 Cb and 3.89 Mn.
extra-low carbon steels II. With 0.03 -0.04 C,
0.037 -0.061. Cb and manganese between 0.96 and eoalloyed

I 4.15 : Mn. Relationships in High-Strencjth ,lic ro o e
Steels", P. 42, in Microalloying '75
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HIGH-STRENGTH TITANIUM-OXIDE
BEARING LINE PIPE STEEL FOR

LOW-TEMPERATURE SERVICE

Kiyoshi Nishioka, Hiroshi Tamehiro
Kimitsu R&D Laboratory

Nippon Steel Corporation
Kimitsu, Chiba, Japan

ABSTRACT ticularly the heat-affected zone (HAZ), it is far from easy to

A study was made on the improvement in toughness of attain the required level of low-temperature toughness. Metal-

high-strength, heavy-gauge line pipe steel for low-temperature lurgical factors which govern the HAZ toughness include

service. It is difficult to obtain high-toughness in the weld coarse grains near the fusion line (FL), hard phase (low-

heat-affected zone, particularly when strength is increased or temperature transformation product, such as martensite-

large heat input welding is applied. Titanium-oxide steel has austenite constituent or high carbon martensite island, M*).

been developed for oltaining high HAZ toughness even for intergranular embrittlement. hot strain embrittlement (HSE)

such cases, based on the finding that titanium-oxide particles, and nonmetallic inclusios. Among these factors, the first two

dispersed finely in the base material, can work as nuclei of fine are particularly important. Many studies have been carried out

acicular ferrite ( intergranular ferrite plate), so that coarse oil the refinement of HAZ microstructure. A typical example

grains near the fusion line of the HAZ can be effectively is the development of titanium-nitride (TiN) steel 2
)
13

). TiN

refined. In the present research, the effect of microailoying of steel utilizs fine titanium-nitride particles dispersed in a steel

No, Mo or B oil the microstructure and toughness of the HAZ for suppressing the coarsening of austenite (-,) grains in the

of titanium-oxide steel has been studied. it has been found HAZ, thereby enabling tile HAZ microstructure to be refined.

that increasing alloying elements suppresses the growth of In the region reheated higher than 1400'C near the fusion line,

ferrite or ferrite sideplate from coarse y grain boundaries, however, TiN particles coarsen or dissolve and lose their effect,

increases area fraction of IFP, and as a result improves HAZ resulting in the formation of a local brittle zone (LBZ) 4 ),

toughness. The line pipe steel manufactured based on the which has been thought inevitable in any steel.

results of the present fundamental research has shown excel- Titanium-oxide (FiO) steel is a newly-developed steel

lent toughness in the HAZ of large heat-input welding. having excellent toughness in the entire HAZ. This new steel

features fine HAZ milcrostructure made possible by dispersion

INTRODUCTION of fine titanium-oxide particles, which are stable even at

temperatures above 1400'C, and by formation of intragranular

As offshore energy resources such as oil and natural gas ferrite plate (IFP) nucleated from those particles. The tech

are being exploited. the quality required for line pipe steel has nique of refining the microstructure by utilizing titanium-

become sophisticated. Since those energy resources are being oxides as the nuclei of IFP has been established as a method of

extracted in deeper waters and coldci districts, it is expected improving the toughness of weld metal5 ) . TiO steel is an

that higher strength lii,c pipe of greater wall thickness with innovative steel which applies this techniquie to th, ,-rro-e-
1prbor I,-,w-remerat,' .:2-gi h.. wili oc ilore and more mcnt in HAZ toughness by dispersing fine titanium-oxides in

required. As far as the base materials of line pipe are con- the steel making to continuous casting process. File present

cerned, it is relatively easy to obtain the required strength and paper briefly introduces the toughness-improving mechanisi

low-temperature toughness by applying the recently-developed of TiO steel, and then describes the effects of Nb. Mo and R

thermomechanical process (accelerated .ooling after con- on the properties of Ti( steel, Also. the properties of Nb-

trolled rolling): . However, as for the weld of line pipe, par- microalloved 'Tio steel (X80) are introduced together with the
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exaliples ofthde practical application of 'FiU steel to hecavy- which imipedes the formnationi ofTi-oxides nourmally 30ppin or

gauge: WE pipe. less). Figure 1 shows ain examiple of I FP initiated front Ti-

ox ide particles in such low Al steel' . Thiis iniicrostructure was

obtained by quenching a specimen fromt 600-C during thc

TITANIUM-OXIDE (TiO) STEEL"' Cooling of a Simtulated HAZ test 'peak temperature: 1 400 C.

cooling timei front 800--C to 50(P ' 1 92sec,. Tue 1FF n ucle-

Since the HAZ is reheated to the high-temrperature -Y ates and grows radially from the Ti-oxide particles dispersing

region during welding, y grains coarsen markedly. Coarse -y inside a -y grain. The Ti-oxide was idlentified as Ti _ Ut by elc-

glailts tend toI produce a coarse ferrite sideplate ( FSP) and tron diffraction. It most cases the Ti-oxide particles coexists

tipper bainitic microstru tore Bo causing tie H AZ tough- with MnS. Al11U3 and Mn. Si, U and are observed in the fortit

itess toi deteriorate significantly. Th us. ill order to im prove of compound pi ecipitates.

HAZ toughness. it is of prilie importance to refine the HAZ Figure 2 shows, tile effect of peak tempera tore onl Charpy

iticrostrueture. Front the iietallurgical viewpoint. there are V-notch tratnsition tmlperatu-re vTrs Of a slimulated H AZ cor-

two mtethiods of refiinig the, effective grain size of the HAZ responditig ito large tecat in put weldiitg' . In the TiN steel. the

mticrostrUeture. Une is to prevetit the coarsetning (If -Y grains by sirs remarkably rises as peak temperature rises because TiN

fite precipitates. The otther is to cauLse dii iitartltra rats begins to dissolve at a temperature highe- thatn 1 400'C. it

formnat it in coarse -y graills 0using fiite precipitates as the con~trast to this. the vTrs of the TiU steel cihatnges little with

niuclei, thereby miaking tue ultimate nmicrostructure fine. A peak temlperature, inidicating that tue Ti-ox ide is cliciticall v

typical example of practical applieatioin of the first mtethiod is Stable even at a peak reinperature of' 14 SOC atid effcctiveix

TiN steel. As already iientioined, hiowever, TiN steel cannlot be serves as the ntucleus of I FP.

.trttlv effetiv'I iiethiod of preven tinig the coarsening of 7Another reature (If Tio steel is tue formration otf I FP ovecr

grainls near the fusion line. siince TiN particles coarsen oIr a wide range (If cooling rates. For examtiple. a stutdy of tile

dissolve ill the HAZ reheated at igh tentperatutre abhove trainsformta t ionI chiaracte rist ic of a TiU steel 0.0 8",C- 1. 0(Vii

1400-C. "Fill steel is a tnew steel providiitg high HAZ touighntess 0.01 3%Nb-0.01 4";Ti) showed that an I FP swas tormed over ani

thtrough rte effect of both itietods. particularly- of tue secoitd etremlely. widerag ofc ligatsfon0.C'ct.
one.x DO a'".Sgetng wife o(licilgrtes ofro Lee] t ar

((i.Tio steel refities. rue inicrostroctrte transformned fronit 0Cse ~gesil ieaplcblt tTU.oe osr

coarse 'y Zratis neat Fl- by Ltililitig I FP ittcleated radiallv (((is, trot sitiall to large' heat iliput weldinig.

fromt f-iiie Ti-oxide particies dispersed iii the steel. anid at tue
Samle lttlie. Sutppresses the coarseningt (If y grains by the effect

of fiiie TiN precipitates, as djoes TiN steel, at tile temiperature

ranige below 1400-(C. Tuie concept (If refinling HAZ miiicro-

trutur an baic haraterstis o Ti stel ae dscrbed40 -Cooling time from 800'to
strutur aid baic liaactetsrcs f ''i( stel re oescib00SOC :161 sec:

below. 
1

Iii ordher to utilize I FP in rime HAZ. it is aii essential pre- 20- -

reqJuisire to disperse fine Ti -ox ide particles in the steel so1 thiat 0

I FP is nlucleated from thieit. Inl tile process Of Mniu factoring 0

'Fit steel, it is therefore imp~ottanit to coiintrtil tile coiintents (If TiN steel

Ti, N anid Uin) proper balaiice and~ to tiniiiie the Al coniitent 20

40-

TiO steel

60

- ' Ti 2 0 3
-1350 1400 1450

I Peak temperature(h C)

Chemical composition hwt%)

Steel C Si Mn P S Al Ti N
TiO 0.08 0.20 1.4 0.01 0.001 0.002 0.012 0.0020

20 pm TiN 0.08 0.20 1.4 0.01 0.001 0,020 0.018 0.0050

Fig. I I IT' initinod f rom Ti oxide partics ill %pec iliei
queiiched fromt 60W) during coolItig of siiitihaied Fig. 2 ('Ialug ill (ha-ps-V noidli tranisitionl leliperailirc

ihernial Lycl n t ( of ilatcd HAZ with peak leuilperttillil
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fN

'IICROALLOYINC OF Nb, Mo AND B 650 650 Nb: 0.02%
600 600 -TS

Z 550 - -550
Experimental Procedure CL500 (s

500 - 500 - SThe steels with various Nb, Mo and B contents shown in C 0 YS
S 450 S' 450 -

Table 1 were vacuum-melted in 300 kg heats and cast into 0

1 751ntr thick ingots. All steels were TiO steel with low Al (A 400 400

content. The ingots were controlled-rolled to 38mm thick 350 350
30 L300

plates after reheating at 1100°C for 1 hr, and accelerated 300 0.01 0.02 0.03 0.04 0 0.05 0.10 0.15 0.20 0.2

cooled at a rate of 150C/s to approximately 450'C and then Nb (wt%) Mo (wt %)

air cooled. The rolling conditions were as follows: cumulative 650 Nb: 0.02% TS

reduction below 900'C, 70%: finish rolling temperature. about 600 -

C. 550
780'C. Plate tensile properties were examined by using full-

thickness tensile specimens. r450

Each plate was welded by double submerged-arc welding P

method with a heat input of l15kJ/cm. The HAZ micro-

structures were examined using 3% nital etchant, and the 350-
300

formation of M' was examined using modified Lepera 0 0.0005 0.00150.0010 0.0020
etchant"". Steels containing B were subjected to fission track B (wt %)

etching FTE) to reveal the distribution of B. HAZ toughness Fig. 3 Effect of microalloying of Nb. Mo and B
was evaluated by a 2am V-notch Charpy test at different onl the strength of base material.

notch locations.

(a) b)

Table I Chemical compositiom;s. "
(Wt %)

Steel C S. Mn P S Al Ni Mo Nb T, B N .

NI 0.055 0.08 1.55 0.003 0.002 0.002 0.35 - - 0.014 0.0030 r

N2 - - - - 0010

N3 - 0,025 .. . ..

N4 - 0.038 (a) N1 steel (Nb free) (b N4 steel (0.038% Nb)
M1 , - 0.020

(c) (d)

M3. .... 0.15

M4... 0.23 ...-

61.- .o004

B2 ,, - 0.0009

B3 ,, - 0.0013

B4. .. - 0,0017 . 20 am

(c) M4 steel (0.02%Nb - 0.23%Mo) (d) 82 steel (0.02%Nb - 0.0009%B)

Tensile Properties of Base Material Fig. 4 Effect of microalloying of Nb, Mo and B
on the microstructure of base material.

Figure 3 shows the effect of microalloying of Nb. Mo and

B on the strength of base material. Typical microstrctures of HAZ Toughness and Microstructure

base material are shown in Fig. 4. As the amount of Nb was Figure 5 shows the effect of Nb content on HAZ tough-
increased, the tensile strength increased almost linearly, the ness. The HAZ toughness shows a peak value at 0.010% Nb. It

increment being approximately 2kg/mm 2 per 0.01% Nb. As is does not deteriorate even when the Nb content is increased to

evident from Fig. 4, with increasing Nb content, ferrite grains 0.038%. This is a unique characteristic of TiO steel considering
are markedly refined. The effects of Mo and B addition on the that conventional steels having samie chemistry show a tenden-

tensile strength of base material are also conspicuous. A cy of deterioration in HAZ toughness when Nb content is

marked increase in the strength was obtained with the formna- increased. It has been known that the effect of Nb addition ott

tion of fine-grained bainitic ferrite (accicular ferrite). HAZ toughness varies according to the C content and that,

From these results, it was found that the addition of Nb. when the C content is approxiamately 0.06%, the HAZ tough-

Mo or B was very effective in improving the strength of Ti() ness generally deteriorates with increasing Nb content'
steel, as is the case with conventional steel. This is considered due to the fact that the addition of Nb
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200

180160

Notch location
0 O:HAZOm HAZ0m

- - 0: HAZ 1mm HmAZmm

~200-08
150 - 38

1 (a) N1 steel (Nb free)
z 50

0 0.01 0.02 0.03 0.04
Nb (wt%)

Fig. 5 Effect of Nb content on the hardness and
toughness of the HAZ.

causes a marked growth of FSP, which is detrimental to tough-

ness. while the formation of grain boundary allotriomorphs . .

of Aerrite F is suppressed by Nb addition. Yamamoto et al. -'50 !

studied the effect of a small amount of Nb addition (Nb-0 to (b) N2 steel (0.010% Nb)

0.01%) on TiO and TiN steels, each with 0.08%oC-I.4%Mn as Fig. 7 Effect of Nb addition on the microstructure
the base composition. using simulated HAZ test (cooling time of the HAZ.

from 800'C to 500'C, 161 sec) 8 . In the case of 0.0I%Nb ad- Figure 8 shows the effect of Mo content on the micro-
dition, TiN steel showed a toughness deterioration of about structure and toughness of the HAZ in 0.02% Nb steel. It can
40'C \vTrs). whereas TiO steel ,howed a slight improvement, be seen that the HAZ toughness tends to improve as the Mo
rather than deterioration, in toughness. According toYama- content is increased. As for the microstructure, the improve-
moto, this is mainly due to the fact that the Nb addition ient in hardenability by Mo addition sufficiently suppresses
causes a coarse-grained microstructure consisting of FPS to coarse FA and FSP, and the marked formation of IFP is
grow in TiN steel, whereas it promotes IFP formation in TiO observed. The change in tile HAZ microstructure cor-
steel. Figure 6 shows the effect of Nb content on HAZ micro- responds to the change in the HAZ toughness. Figure 9 com-

structure. It can 6e seen that the improvement in toughness by pares the HAZ microstrUctures of steels MI and M4. Refine-
the addition of 0.01%Nb is due to the suppression of coarse ment of the IFP, as well as the suppression of coarse FA and
FA and FSP, resulting in increase in volume fraction of IFP FSP, can be observed. Thus, in addition to the increase in
,see Fig. 7). It should be noted that the IFP retains the major volume fraction of 1FP, the refinement of IFP may partially
microstructure of the HAZ even when the Nb content is in- contribute to improved HAZ toughness. As mentioned above,
creased to approximately 0.04%. As a result, only a modest it was found that the addition of Mo was effective in improv-

deterioration of HAZ toughness with increasing Nb content ing the HAZ microstructure near the fusion line. However,
was observed despite the increase in HAZ hardness (see Fig. 5). excessive addition of Mo tends to increase the amount of M"
Steel N4 with Nb content of 0,038% showed a HAZ toughness in intercritically reheated coarse-grained HAZ. It is known that
almost comparable to that of Nb-free steel NI. the presence of M, causes the HAZ toughness to deteriorate.

100. since M* can originate brittle fracture l3 . In the present
research, the amount of M' was observed to increase, in the

Buabove-mentioned region, with increasing Mo content. It should

therefore be noted that there exists an appropriate Mo content
50 corresponding to the required HAZ toughness level.

..... ]Figure 10 shows the effect of B content on the micro-

0 __ __ __ _ structure and toughness of the HAZ in 0.02% Nb steel. The
0 0.01 0.02 0.03 0.04 HAZ toughness improves as B content is increased. However,

Nb (wt %) after the HAZ toughness shows its peak value at 0.0009% B, it

Fig. 6 Effect of Nb content on the microstructure declines sharply with increasing B content. As for the micro-
(region within 1 50,n from FL) of the HAZ. structure, the addition of B noticeably suppresses coarse FA
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o200[ - 200

z180' _ 180-0

'160 - 16U -

0 IF

-0 _ 0
0 HAZOmm,- OHAZOmm

Y 250 -A: HAZ 1mm L)250 A HAZ 1mm

0 o 200 -0 Q

'.~ 150
10W100o~o A Ino

Z 500 W 50 C

0 0.05 0.10 0.15 0.20 0.25 0 0.0005 0.0010 0.0015 0.020
MO (Wl %) B (wt %)

Fig. 8 Eff ct of Mo content onl the hard ness, micro- Fig. 10I Effect of H content onl thle hardniess, micro-
structure region wit bin 1 5()pn from F 1.1and strouctore (region within I SOPm from FL) and
toughniess of the HAZ. toughnless of the HAZ.

(a)

(a) M 1 steel (0.02/0 Nb) (a) 131 steel (0.0004% B)

(b) (b)

(b) M4 steel (0.02%Nb - 0.23%Ma( (b) B4 steel (0.0017% B)

Fig. 1) Effect dfMo addition on dir imicrostructure of tile H AZ. Fig. I I[Eflect of- B conitenit onl the fortnation of M

,ju FSP anld L-Lt C! ta til~ te fortmationtt siIFP Lutil B Corltetlt of' M' in the HAZ near Hl. \%as examtined Its mo1difiedLers
reactes 0.000W/,. This is contsidered due to the increased etching. 'Fhe results itl M and B4 steels are shown itn Fig. 1 1.

itardenability at -y grain boundary by B addition. 'Fhe HAZ Steel B 1 was almost free tof M, whereas steel 134 reseiaccd

rnit rostrtcture shows no marked change cvenl when tite B marked fortmation of M' . As already nentione d, a hard phtase

cotntent is intcreased above 0.0009%, hence the deterioration of sucit as M' canl initiate brittle cracking, hence thle formnation

HAZ toughness abhive 0.0009', B cannot be ex plaitned by the of M' canl be considered a possible cauISe of' rile deterioration

change in) HAZ inic rostruettire, Possible causes of the ttugh- of P'AZ toughness. As for the effect of B precipitates, it htas

tiess decterioratiott are rthe formation of M' and thle coarse beet i ttisd out that the presette of coarse Fe, (C13), alotng

precipitates of B alonrg tile 'y grain boundaries. Thie fiirnition y graitn bouttdaries cats cause voids, which colec to initiate

601



brittle fracture, thereby deteriorating tire HAZ toughness. 14 HIGH-STRENGTH (X80) Tri( LINE PIPE STEEL

In the present research, steel B4 showed no intergranular

fracture in a Charpv fracture surface. However, in FTE This section introduces tire rcS Ilts 'If laboratory tests (,Il

observation showed coarse precipitates of B in steel B4 Fig. Nb-mnicroalloyed. hiigh-strcngth X801 line pipe steel. A

1 2 . suggesting that the precipitates of B miay have somne describcd in the preceding section. the addition Of Nb inlII

adverse effect on the HAZ toughneis . Like Mo steels. B steels steel not only imrproves tile strength of base material Cff~~1~5 e

revealed thre fornlation of M' in the intercritically' relheated lv, but also enhances tile forination ot I FP in the H AZ. 'There-

coarse -grained HAZ when tile B content was increased. Tb is fore, the deterioration of HAZ tough ness dueI to illercaw~d

also sulggests that excessive addition of B is undesirable. it strength is less conspicuous thlan ill conlventionlal Nbl steel,

should be noted that the optiniumi amIount of B depends onl Also, as canl be seen ill thle case of Mo or B additionl. TIi ) Steel-

tile welding bleat input, that is. tire cooling rate after welding, canl produee sufficient nount o1f I PP even whlen its ilardllci

So tilt, the effects of Nb. Mo and B oil HAZ tolighness ability is relatively ihigh. S11owtn below are pro~perties of a i hh

hlave been discussed. it was found that eachl of tile elements Mn-Nb X80) Ti( line pipe steel, ill comparison wit Illholse of-

was eftective ill inipovitl tile HAZ touginess by su~ppressing TiN steel.

c arse FA and FSP tltoUgi imlprovement ill Iardenability The ce mtlical comnpositions ot tels ire showil Fi T (
s~peso f -y.a transfornmation) and by enreasing thle 2. While 'liN steel contailns thle lortlial aniont of Al. -1i))

VALunle fractionl of I FP. The aliounlt (It addition ot tllose steel has Al conlten~t reduced tol suchl level as, rCLIuired tI 5eLlI ,

eletelts is required to be Optimized according toI tile required "ijoxide particles as thle nuclei tor I FP tormoationl. Thie-set%

levels Of strenlgthl and low-teniperature toughnless. it was Conl steels were vaconol1-11liel12ted and conltro~lled-011Le to 18 1111

tirllled tilat hligh ~trenlgthl Tio line Pipe imaVilg Superior HAZ thick plates Unmdler tile tollowing timerlino-lmccilI

toughn~ess can be noan ufactured by miaking tile mo(st eftective intj tonmditiOllS: rehleatinlg tellperatureI- 1 15 CI (: , lIIII1lt1\ C

U(se 
1

f those alloying eleillltS. redLIetillm belowk 850) C about 78'h,: tinishl rolling tolilpelT

WM BMtUre 730 C: cIooingI rate ofI accelerated coolingl Ill C ',

.111(1 ,top terliperatlr, (If accelerated coo~ling~ - apo1111,11 lv

- ~ ~ ~ ~ -- -. -i .. 5) C. I le Illechlamic~l I proprties of base mlaterials arc ho:0\5ii

-. . - . ~~inl Iabie 3. Boti, steels had tine ferrite -b,i imlt lIrc tttI :

-- (11and ill wed suftficienlt strength anid toLIgiltICSS te(]nired tot \8' I

* Steel. Ill order to stuld\ tile HAZ tonghlICSS Of' ClCil It th

p \('tS \ Ineu n\lldb (IllUbl stlb1llrIged MtC %%eldillo Illetll I)d

%kith 'I lcat Iput ot 38k.1 cm. The HAZ toUgilIeSS is Shlosel Ill

F Fig. 13. TiN Steel shmowed lowv energy NvalueCs at tile lot, it

IOs.Itionts ot HAZ I and 2 mmn. whlereas TiC) steel ha~d hel-ll
(a) 61 steel (0.0004% B) tuhis talnthlct~is h A i~otutic

WM 6M

tI( *. - % a*** bI 2 ( Ilial compotl3IsitionS of Ti() and( TiN X80) line pipe steel1

*-Steel C SI Mnt P S Cu NI Nb Al TI Ceq)

J/ TIO 0.08 0.11 1.83 0.011 0.004 0.20 0.21 0.05 0.003 0,020 0.42

.0~ ITIN 0.08 0.11 1.89 0.010 0.004 0.21 0.19 0.05 0.023 0.016 0.41

s ~Ceq. -C + Mn/6 + (No + CullS5 + (Cr +Mo + V)/5

(bI B4 steel (0.0017%B T1 able. 3 Meclhatnical properties of Ti() antd TiN X80 ste~el plate.

Fig. 12 Distribution of B itt the HAZ near FL
revealed by the FTIE methtod. Thick- IDirec- Tensile properties Cherpy impact properties

Steel ness Sion YS TS El Posi- vE-ic vTrs
(m m) IMPaI IM Pal M% tion WJ) iC)

TOG 18 C 620 698 36.3 1/2t 19.8 -110

TiN 18 C 606 694 36.0 1/2t 18.4 - 90
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30 TiO steel 30 TIN steel APPLIC:ATION OF TiO STEEL TO ACTUAL PRO)UC-

- -' TION OF UOE PIPE

o 0j 200 0 U0E pipes were manufactured commercially using the

100 Ti() steel. anid their properties were examined. An) outline of

> >e shown in Fig. 1 5. In -lie refining process. special treatment %,,as

SP conducted to obtain Ti-ox ide particles and ladle desuiphuriza-

01 1 0 1 1 1 1 tion and vacuumi degassinig were carried out in ( ier to make
WM HAZ 2mm 6mm WM HAZ 2mm Gmm

0mm 4mm 0mm 4mm the steel clean. In the plate rolling process. the steel was

HAZ subijected to interrupted accelerated cooling after controlled
0mni

WMI 2mm rolling. The chemical composirion of the steel is gkivn in Table
5m 4. TO SinsUltanlCOUSlV form finec Ti-ox ide and TiN particles. the

18mm Al content was reduceed and an optilnuln i-O aac a

enured. Steels A and B arc Nb-sliicroallos d and Nb. Mo

tticroiallove(I steels. respectisvelv. Bohsteels lace Ilw ar-

F> ~ 13(fr~rp~\-ioch ilpci 3mh on CtI.1 isalent iCei. and Pein %alues thlan tlliis of on~lienl

lI in o wjn cliclYi Jl 5  itiir tiollil steels and hencee base good field eablt

. - %'j k Table 5 shlows typical examnples ofll C1laci PTO[)LrtiL',

Ai, , - It base mlaterials lot UL)F pipes %%itlisieo'14111 (,ll
-1)I) X .38.1 111111 1.5 it). %V1'. Pipe> A and0 B lllict tile ,rrtrh

Prereamet - LOonertr D Deuiphurization Vacuu
ofhtmtlat ladle dlegassing

Continuous ~F .7- Re.an 1 e Cotold __Accelerated

casting r~ollingcoln

Thermiomechanical processing

Ia) TiO steel I M I \.itillo lititilI jrroct- ot i pI.Os.

Ste , Mn P 5 C,, N. Ni M. T, Al P

520600 1 44 0 006 0 001 0 36 0012 0 017 0 003 0 3? 014

XI; 00- 1360 0 008 0 004 0 33 0011 009000 003 0 13

'la IlIc 5 Mechaticii p-r o ii )I1 f b~ase imaterial A 1, 0.I 1 ppc

Pip DrecTesie poprte;'Chrp imac popeti;"BDNTT"'

N TN tee Seel-.1,o Y TSEL E 1 Trs -TX-shear

i5 16n) L 48 506

lear . are ~il1 shonin Fig. 14. De)spite. tho smll i sat ipiut of' (A) 3,81WT T 443 527 62 442 -80 -50

18k I ctr. [if) steelI shoiwed thi fiirmion (~iut' IT m- oire (1.5.in)

mlar kedlvr thlan TiN steel. From thle above -itle iiilied rel'i Its, it 91400D 7 566

was bu Ild that cveyl wItlihllihstrenlgthI line pipe, like X80. X65 (6i)L 43 566

()381'WT 44 5659 88 -0 4
HAZ toughiness call be imnproived by the formtationl of I FP. and (1.5 in)T 47 5651 38so5

tiat fIi)) steel canl he aI S~perior material for high -strenigth. '11) Strap test of API rectangular specimen.
- 2) Test position -112 t

hilgh tioiughness( linle pipe. *3l Reduced specimen (thickness 18 nmn)
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specified for X52 and X65, respectively, and have only small 500

anistropy. These steels are good in terms of Charpy impact
energy anid BDWTT properties and can withstand applications 00 8 0 X52

40- 8 0 Notch location

at -40'C. Figure 16 shows typical examples of Charpy HAZ0m

notch imipact energy at different notch locations of seanm weld - -A i

welding ~~~~: metod 2t careseriktteCap npc nry2m WM 2mm

of both pipes. Seanm welding was by double submerged-arc 5 mm-

is very high in all notch locations and that both pipe hav 38.1

superior HAZ toughness for low-tentperature service. Nippon 100L
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EFFECTS OF THERMOMECHANICAL PROCESSING
ON MICROSTRUCTURE AND PROPERTIES OF

ULTRA LOW CARBON BAINITIC STEELS
L. E. Collins, J. D. Boyd, J. A. Jackman, L. Dignard-Bailey

Metals Technology Laboratories
CANMET

Ottawa, Ontario, Canada

M. R. Krishnadev, S. Dionne
Department of Mining and Metallurgy

Lavel University
Quebec, P Q., Canada

ABSTRACT To effectively inhibit ferrite formation,
boron m "t be retained in solid solution in the

The role of impurity elements (0 and S) and austenite. Boron has a strong affinity for

thermomechanical processing on the effectiveness nitrogen and. therefore, it is necessary to fix

of boron in suppressing ferrite formation in ultra nitrogen to prevent the formation of BN. This is

low carbon bainitic (ULCB) steels has been normally done by adding small amounts of titaniumto form TiN precipitates which remove nitrogen
investigated by means of laboratory rolling frm i solu t and prevent niten

trias ad dlatoete prcesing imuatins. from solid solution. and prevent austenite grain
trials and dilatometer processing simulations.

Secondary Ion Mass Spectroscopy (SIMS) and growth during controlled rolling. It is

autoradiography were employed to examine boron generally accepted that borcn-containing steels

distributions after various processing treat- should be clean i.e. contain minimal levels of S.

ments. The addition of 20 ppm of B to a base alloy 0 and other impurities, if the full effect of boron

of composition 0.02 wt % C. 1.80 wt M Mn. and 0.05 is to be achieved. However. the level of

wt % Nb suppressed transformation temperatures by clearliness h'e not been specified, nor are the
75to 100C: supp ee tranformyaion tmertus mechanisms by which the impurities affect the75 to 100

0
C: however, a fully bainitic microstruc-

ture wac obtained only when the impurity content behaviour of boron clearly understood.

was low or when the steel was given a preliminary In the present study, boron-containing steels

hot working treatment prior to final ther- were produced with both high (0.006 wt * S and

momechanical processing. It is suggested that the 0.0085 wt % 0) and low (0.004 wt % S and 0.0057

entrapment of boron at inclusions is a critical wt % 0) levels of impurities by air and vacuum

factor influencing the effectiveness of boron as casting respectively. The microstructures of as-

a hardenability agent in these steels, rolled plates were examined in detail and dila-
tometer studies were conducted to characterize

the transformation behaviour of the steel. As
well. the boron distributions rEculting from

ULTRA LOW CARBON bainitic (ULCB) steels were various processing schedules were determined by

developed in Japan in the early 1980's to meet the Secondary Ion Mass Spectroscopy (SIMS) and

demand for high strength steels with good low autoradiography. The results are compared to

temperature toughness and weldability for such those obtained for a steel of similar composition

applications asArctic grade linepipe (1.2.3). In but containing no boron.

these steels, dislocation strengthening within

the fine bainitic microstructure combines with EXPERIMENTAL

Nb(C.N) precipitation strengthening to produce

yield strengths in excess of 600 MPa. By employing The alloys examined in this study had a base

carbon levels <0.03 wt %. formation of small composition of 0.02 wt % C. 1.80 wt % Mn and 0.05
islands of high carbon martensite is reduced, wt % Nb (Table 1). The boron-containing steels

had an addition of 20 ppm B. The base alloy with
resulting in superior low temperature fracture

toughness. Critical to the production of these no boron and two heats of the boron-containing

steels is the addition of a small amount of boron, steel were cast in air and a single heat of the

typically 10 to 20 ppm. During processing. the boron-containing composition was cast in vacuum.
boron segregates to austenite grain boundaries All alloys were cast into 50 kg ingots with cross-

where it inhibits ferrite nucleation, and thereby section 125 mm x 150 mm. The ingots were

promotes formation of a fine baintic microstruc-

ture after controlled rolling and air cooling. to the schedule in Table 2 and air cooled.
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Table I - Steel compositions (wt%)

Alloy C Mn Nb Si S Ti Al P N 0 B

1 0.020 1.65 0.045 0.31 0.006 0.020 0.025 0.005 0.0058 0.0050 -

(Air
cast)

2A 0.019 1.85 0.040 0.41 0.0063 0.023 0.020 0.008 0.0032 0.0080 0.0016 0.0016
(Air
cast)

23 0.018 1.77 0.040 0.25 0.0060 0.020 0.020 0.006 0.0066 0.0085 0.0015 0.0010
(Air
cast)

2C 0.021 1.83 O.057 0.32 0.0042 0.018 0.011 0.010 0.0062 0.0057 0.2019 0.0015
(vacuum 

0 0

cast)

Effective boron = [B - (N - 0.002 Ti/5)]

Dilatometer tests were carried out using an MMC
deformation dilatometer. Specimens 8 mm long x RESULTS
4 mm diam were machined from as-cast ingots and

ROLLING TRIALS - The microstructure of the as-as-rolled plates. Specimens were austenitized in
the dilatometer for 15 min at 1100

5
C. cooled to rolled base alloy consisted of fine-grained

825*C. deformed 50%. held 10 s and cooled polygonal ferrite and pearlite (Fig. la) . In theair-cast boron alloy (2A) . the boron failed toaccording to a Newtonian cooling schedule such complet sres ferrite oron Aadedthat the time between 800 and 500-C was 300 s completely suppress ferrite formation. A banded(average cooling rate 8wC/s), microstructure was observed in which narrow
(averae micoolingc s rlates ad bands. 20-40 4m in width, of fine polygonalThe microstructures of as-rolled plates and ferrite lie parallel to the rolling plane

dilatometer specimens were examined after polish-
ing and etching with a 2% nital solution, interrupting the predominantly bainitic micros-
Inclusion counts were carried out on heats of the tructure in the as-rolled condition (Fig. lb).
boron-containing steels in both the as-cast and The boron distribution in this alloy, as revealed
controlled rolled conditions. A Cameca IMS-4F by SIMS and autoradiography, also showed evidence

of bandiing with regions (up to 50 Am in width)Secondary Ion Mass Spectrometer, operated in the in which little or no boron was detected (Fig. 1c).direct-io. .miage mode with an 0O'beam, was used There was no clear evidence of boron segregation
to examine boron distributions and identify To asnter boudes.
inclusions. Boron distributions were also mapped to austenite grain boundaries.
by high resolution autoradiography carried out at The microstructure of the as-rolled vacuum-
the Research and Development Laboratories of cast material consisted almost entirely ofthepon R eerc andlDevelopmnarte ies o. bainite. although a few small regions of ferriteNippon Steel following standard techniques (4).

were evident (Fig ld) . The boron distribution of
the vacuum-cast and rolled material appeared to
be more homogeneous (Fig. le) than the air-castTable - Rllin schedule material, but again there was little evidence of
boron segregation to the grain boundaries..i s n TSince S and 0 are present in the form of

Pass No. M cm) iC) inclusions, analysis of inclusion contents was
.a... . .. (cm) .... . ca r r ied o u t on th e a s -c a s t an d a s -ro l led b o ron

1 11.57 1100 steels (Table 3). It is seen that the volume
2 10.46 1060

3 9.45 1040 Table 3 - Inclusion content of steels
4 8.51 1020

5 7.65 1000 
Total6 6.91 900 inclusion

7 6.22 890 Oxides Sulphides content
8 5.56 875 Alloy Condition (vol i) (vol %) (vol %)
9 4.93 865
10 4.32 850 2A As-rolled 0.038 0.085 0.123
11 3. 73 840 2B Air cast 0.096 0.040 0.136
12 3. 18 825 2B Air cast 0.071 0.073 0.144
13 2.64 815 + rolled
14 2. 13 800 2C Vacuum cast 0.051 0 .027 0.078
15 1.65 785 2C Vacuum cast 0.031 0.044 0.075
16 1.27 770 + rolled
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Fig. 1 (a) Microstructure of base alloy 1 in the as-rolled condition.

(b) Microstructure of air-cast alloy 2A after controlled rolling.
(c) Boron distribution in air-cast alloy 2A after controlled rolling

(SIMS).
Wd Microstructure of vacuum-cast alloy 2C after controlled rolling.
Ce) Boron distribution in vacuum-cast alloy 2C after controlled

rolling (SIMS).-
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(a) B

(b) Ai (c) Ti

(d) Mn (e) Si

Fig. 2 -SIMS element distributio, maps showing presence of boron in an inclu-
sion array in the air-cast ingot 2B. (Field of view is 150 pim.)
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(a) Mn

(b) Al (c) Ti

(d) B (e) Si

Fig. 3 SIMS element distribution maps showing presence of boron at in
gated inclusion in the air-cast and as-rolled ingot 2A. (Field
view is 150 pim.)
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Fig. 4 - Plot of fraction transformed versus temperature for dilatometer specimens cooled

at l
0
C/s after deformation at 825

0
C. The starting condition of the material in each test

is indicated.

base steel strongly suppresses ferrite formation and
fraction of inclusions in the air-cast material is shifts the transformation downward by 75 1000C.
approximately double that of the vacuum-cast mate- Whereas a ferrite-pearlite microstructure was ob-
rial. It will be noted that the relative proportion served in the base alloy (Fig. 5a) . the microstruc-
of sulphides and oxides differs between the as-castand s-rlle conitins or oth ir-astand tures of the boron-containing specimens were primar-and as-rolied conditions for both air-cast and il antc(g.5ce) Coprgthrsus
vacuum-cast materials. This is a consequence of the ily bainitic (Fig. 5b~c~e) . Comparing the results

for the boron-containing steels, some significant
fact that samples used for analysis of the as-cast differences are observed depending upon the process-
ingots were taken from near the ingot surface where ing chedule. Transformation of specimens machined
the fraction of MnS is expected to be low, whereas from the air-cast ingot proceeded at temperatures
the analysis of inclusion content was carried out on -250C higher than vacuum-cast samples; the beginning
the full plate thickness in the as-rolled material of transformation occured at 700*C for the air-cast
and thus probably provides a more accurate measure and 675'C for the vacuum-cast material with the major
of the true proportion of inclusions. Nonetheless. portion of the transformation occuring between 675whether material in the as-cast or asrlled oto ftetasomainocrn ewe 7asroe and 650'C for the air-cast alloy and between 650 and
condition is compared, the vacuum-cast material has 625'Cfor thevacuum-castmaterial. Thisdifference
a significantly lower volume fraction of inclusions in the transformation temperatures is significant
than zhe air-cast alloy. There was no appreciable because the bainite-start temperature in this alloy
difference in the size of the inclusions between air- i a

cas an vcuu-cst atrias.ferrite-bainite microstructure was obtained fromcast and vacuum-cast materials.isapoiaey60C Cneqnt.amxd

Samples from the air-cast ingot were examined by the air-cast specimens (Fig. 5c), whereas the mi

S IrMS in an effort to determine if boron wasof the vacuum-cast material was com-

associated with any particular inclusion type. pletely bainitic (Fig. Sb) In the air-castInclusion arrays were readily identified by SIMS as plty anic(g.5) In he irasInclsio arayswerereailyidetifid b SIS ~ condition, the boron distribution is inhomogeneous

shown in Fig. 2. It was found that most inclusions with only limited boron segregation to grain

contained Al, Ti. Si and Mn, although with SIMS

analysis it was not possible to accurately identify boundaries (Fig. 5d).
the primary elements at any particular site. It is interesting that, in dilatometer tests on
However. it was clear that boron was highly specimens taken from the air-cast and rolled plate.

concentrated at inclusion sites in the as-east the transformatior is shifted downward to a trans-

material. In the as-rolled condition, some regions formation temperature range similar to that of the
of high boron content appeared to correspond to vacuum-cast material, and a fully bainitic micros-

tructure was obtained (Fig. 5e) . Upon conclusion of
inclusions (Fig. 3). As well, regions of high boron the dilatometer test on air-cast and rolled mate-
content were observed which did not appear to rial, boron clearly outlines most of the prior
correspond to any type of Al. Mn or Si inclusion or austenite grain boundaries (Fig. 5f). Evidence of
to Ti precipitates (points A and B in Fig. 3d). boron segregation to grain boundaries has been

DILATOMETER SIMULATIONS - Plots of fraction trans- observed in a wide range of dilatometer simulations

formed versus temperature for the dilatometer when the starting material was in the air-cast and
specimeni. cooled at 1*C/s after deformation at rolled condition (5). The results indicate a

825*C are shown in Fig. 4. The addition of B to the stronger effect of boron in suppressing ferrite
formation in the vacuum-cast, and air-cast and
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Fig. 5 -(a) Microstructure of alloy 1 after dilatometer simulation.
(b) Microstructure of vacuum-cast alloy 2C after dilatometer simula-

tion.
(c) Microatructure of air-cast alloy 2A after dilatometer simulation.
(d) Boron distribution in material in (c). (SIMS - field of fiew is

150 pm.)
(e) Microstructure of alloy 2B after dilatometer simulation. Start-

ing condition was as-rolled plate.
(f) Boron distribution in material in (e). (SIMS - field of view is

150wm.)
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rolled materials, than in air-cast material tested to the start of transformation. In the present
without prior rolling. study. the conditions which produce completely

The observation that transformation tempera- bainitic microstructures correlate with those
ture shifted downward producing a fully bainitic which produce the most homogeneous boron distri-
microstructure when as-rolled, air-cast plate was bution. Conversely, with an inhomogeneous boron
tested in the dilatometer was surprising. A trial distribution, such as in the as-rolled alloy 2A,
was conducted to ascertain whether a similar effect the size and shape of the areas of ferrite in the
could be obtained by rolling. A piece of the as- final microstructure appear to coincide with the
rolled plate 2A was reheated at 1100'C for 20 min boron-free bands.
and then reduced in two passes of 25% each at 850 The results of the present study indicate the
and 815'C prior to cooling at 1.20 C/s. The importance of inclusion content and distribution
microstructure of the plate appeared to be 100% in controlling the effectiveness of boron in
bainite (Fig. 6) . Apparently. the boron hardena- suppressing ferrite formation. It is apparent
bility effect in the air-cast material can be from the SIMS analysis that boron migrates pref-
enhanced by a preliminary reheat and hot working erentially to inclusions during solidification
treatment. and cooling of the ingot Although the form the

boron assumes at the inclusion has not been exam-
DISCUSSION ined in this study. work has been reported (6)

which demonstrates the precipitation of BN and
The results of the present study indicate that Fe23(B.C)6 at MnS and A1203 inclusions. As well. it

the addition of 20 ppm of boron to a steel containing has been suggested that boron may exist in solution
0.006 wt % sulphur and 0.0085 wt % oxygen is only in stable oxide particles (7). Clearly. boron pre-
partially effective in suppressing ferrite forma- cipitation at inclusions reduces the amount of
tion. Although transformation temperatures are boron available for segregation to austenite grain
suppressed by 75-100'C compared with the alloy boundaries. Consequently. the effectiveness of
containing no boron, the transformation start boron will depend upon its dissolution and homog-
temperature is still above the bainite-start enization in the austenite during austenitization
temperature. When sulphur and oxygen contents are and controlled rolling.
reduced to 0.004 wt % and 0.0057 wt % respectively. The homogenization of the boron distribution
the transformation start temperature is reduced by depends criticlly upon both the volume content
another 250 C and a completely bainitic microstru- and distribution of inclusions. By reducing the
ture is obtained. It is also shown that similar total number of inclusions, the number of pre-
transformation behaviour and micostructures czn ferred sites for boron precipitation during
be obtained in air-cast steel containing high solidification and cooling is reduced and a
impr ity contents if the cast steel is subjected to greater quantity of boron will be left in solid
a double hot rolling process. solution or to precipitate at secondary sites such

Although the precise mechanism is not fully as grain boundaries, throughout the matrix. Thus
understood, it is generally accepted that boron reduced inclusion content results in a more
acts to suppress ferrite nucleation at austenite uniform boron distribution in the as-cast material
grain boundaries. Thus. if boron is to be fully and facilitates the achievement of a homogeneous
effective, it must be distributed relatively boron distribution during subsequent austenitiza-
uniformly to all austenite grain boundaries prior tion of the plate. The importance of inclusion

content in determining the effectiveness of boron
C . -'. ?' has previously been recognized and the hardena-

, . bility of boron-containing steels has been corre-
.. 1. -7 lated to such factors as sulfur content (6).

S. Even when the inclusion content of the boron-
j . containing steel is relatively high, the use of a

v, two stage processing schedule in which the steel
is first heavily worked in the austenite region and

" cooled to room temperature prior to the final hot
- working treatment, can be used to improve the

effectiveness of boron. Although there has been
?', little discussion in the literature of the precise

[ effects of deformation, hot-working is often
performed as a preliminary step in many laboratory

4. studies of boron-containing steels (see for
example Ref. 8.9). Although results from the
present study are ambiguous. a conjecture may be
offered as to the effect of the preliminary hot

working treatment on the effectiveness of boron.
i, During the austenitizing treatments applied prior

25 gm to rolling (2 h at 1100*C). any BN and Fe,,(B.C),
L__. J precipitates should dissolve. However. if the

boron is in part dissolved in stable oxides or
Fig. 6 - Microstructure of rerolled plated. oxysulfides. it may not be fully dissolved into the
austenitized 2 h at 1100*C. deformed 25% at 850 steel matrix under these treatments. Indeed. in
and 815 0 C. and cooled at 1.2*C/s.
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(a) Air-cast ingot. (b) Austenitized 2 h at 1100'C and quenched.

-. . 0.1 mm

,- •., .< -. ,-- ... .., ... :

C) As-rolled piate. (d) Dilatometer specimen (starting condition

s- rolled plate)

Fig. 7 - Boron distribution in the as-cast material at different points in she-
processing schedule. (autoradiography)

studying BN precipitation in low carbon steels, release of boron from these particles into the
Tanino et al. (7) observed a number of boron matrix during subsequent high temperature austeni-
aggregates even after 1 h at 1250°C. tizing treatments. The SIMS analysis of boron dir-

In the present study, large boron-rich precipi- tribution in as-rolled plate has not yet provided
tates are observed by autoradiography in the air- conclusive evidence of the validity of this
cast alloy (Fig. 7a) which would appear to conjecture. Boron enrichment was observed at some,
correspond to the boron-containing inclusions but not all inclusions in the air-cast and as-rolled
observed by SIMS in the same material. After a 2 h plate (Fig. 3). Furthermore, it is not clear
austenitizing treatment at 1100

0
C followed by a whether boron xvas retained at inclusions throughout

water quench, the large boron-containing particles austenitization and controlled rolling or whether
are still evident (Fig. 7b). (The obvious it underwent dissolution and reprecipitation
segregation of boron to austenite grain boundaries during thermumechanical processing.
in this condition likely results from nonequili- If the full effectiveness of boron is to be
brium segregation during quenching.) In the as- achieved in ultra low carbon bainitic steels.
rolled plate. boron-containing particies are again efforts must be made to control inclusion distri-
present, although there is evidence that the butions.- Two strategies may be adopted. The first.
particles have been broken into stringers of and probably most practical approach, given the
smaller particles during the large rolling reduc- current industrial move toward production of clean
tion (Fig. 7c)., When the as-rolled material is steels, is co minimize the total inclusion content.
reaustenitized in the dilatometer. deformed and thereby minimizing the number of sites at which
cooled to room temperature, no evidence of the boron will precipitate. Thle second approach is to
coarse boron particles is found, and uniform ensure homogenization of boron by adoption of
segregation of boron to ,austenite grain boundaries appropriate thermomechanical processing
is observed (Fig. 7d). It is suggested that boron schedules• Although this approach has received
exists in stable forms associated with inclusions, little attention, the present study indicates the
which are not readily dissolved under normal benefits of a preliminary hot-working treatment to
austenitizing conditions. Heavy deformation improve the effectiveness of horon. An well, it is
during rolling breaks down the coarse boron- presumed that application of high temperat ure,

containing particles and thereby facilitates the

615



/

austenitizing treatments would also assist to free ACKNOWLEDGEMENTS
boron from inclusions.

The authors wish to thank Dr.M. Nagumo of Nippon

CONCLUSIONS Steel for his assistance in performing autoradi-
ography. The assistance of Dr. M. Shehata and Mr.

The effects of inclusion content and ther- B. Casault in the characterization of inclusions

momechanical treatment on the microstructure and of Mr. B. Durocher in performing optical
development of ULCB steels containing boron have metallography is gratefully acknowledged.
been examined. The transformation temperature of
vacuum-cast alloy (0.004 wt % S. 0.0057 wt % 0) was REFERENCES
approximately 25*C lower than that of a comparable
air-cast alloy (0.006 wt % S. 0.0085 wt % 0) 1. Nakasugi. H.. H. Matsuda and H. Tamehiro.
resulting in a fully bainitic microstructure. "Alloys for the 80's". 213-224. Climax Molyb-
whereas a mixed ferrite-bainite microstructure was denum. Ann Arbour. Michigan (1980).

obtained in air-cast material. The microstructure 2. laira. T. , K. Matsumoto. Y. Kobayachi. K.
of the air-cast alloy was improved when as-rolled Takestringe and I. Kozasu. "HSLA Steels-
plate was reprocessed (reaustenitized, deformed Technology and Applications". 723-731. ASM.

and cooled). Such a treatment resulted in Metals Park. Ohio. (1984).

transformation behaviour similar to that of the 3. Tamehiro. H.. M. Murata and R. Habu. 'HSLA Steels

vacuum-cast alloy. - Metallurgy and Applications". 325-333. ASM,
Inclusions play a critical role in controlling Metals Park. Ohio. (1986).

the effectiveness of boron in these steels. By 4. He. X. L. and Y. Y. Chu. J. Phys. D: Appl. Phys.

minimizing the total content of inclusions, at 16. 1145-1158, (1983).

which boron preferentially precipitates, the boron 5. Dionne. S.. M. R. Krishnadev and L. E. Collins.

available to segregate to austenite grain bounda- to be published.
ries is maximized. Alternatively. the release of 6. Saeki. M.. F. Kurosawa and M. Matsuo. Trans. ISIJ

boron from relatively stable precipitates may be 26, 1017-1035. (1986).

achieved by application of heavy deformation 7. Tanino. M.. S. Funaki. H. Komotsu and Y. Q.

schedules which break up the inclusions into small Zhang. Trans, ISIJ., 21. B-231. (1981).

particles from which boron is readily released 8. Watanabe. S.. H. Ohtani and T. Kunitake. Trans.

during subsequent austenitizing treatments. ISIJ. 21. 122-128, (1983).
9. Yamanaka, K., and Y. Ohmoni. Trans. ISIJ. 11.

92-101. (1977).

616



MEDIUM STRENGTH BAKE HARDENABLE
STEELS FOR DRAWING

Joao Francisco Batista Pereira, Haroldo Barcelos, Luiz Nelson Teixeira Klein
Usiminas Steel Works
Ipatinga, MG, Brazil

Abstract MATERIALS AND EXPERIMENTAL METHODS
The effect of chemical composition (carbon,
phosphorus, silicon and manganese) and coiling LABORATORY STUDIES - Fight 50 kg laboratory

temperature on bake hardenability and drawabi- vacuum melted ingots were produced. 
T
he chm,-

lity of laboratory produced aluminum killed cal compositions are shown in table I.
steels have been studied. Based on these results
a medium strength bake hardenable steel was pro- TABLE I - Chemical composition (wt

duced on industrial scale using batch annealing
process. SA =IE

prcs.SWEC Hn P Si Cr Al N P +SiResultr are presented on the performance of an No. (s) I
automotive panel made from this new steel.

1 0.028 0.27 0.021 0.03 0.021 0.044 0.0024 0.051

2 0.019 0.18 0.097 0.06 0.019 0.042 0.0047 0.157

IN RECENT YEARS, increased emphasis has been 3 0.023 0.26 0.016 0.22 0.018 0.045 0.0038 0.236

given to the development of new steels for the 4 0.026 0.18 0.079 0.29 0.014 0.067 0.0046 0.369

atomotive industry which have high strength and 5 0025 0.20 0.006 0.59 0.014 0.052 0.0063 C.596

good ducti litv( 1) 6 0.0Q0 0.21 0.059 0.52 0.018 0.039 0.0070 0.579

7 0.027 0.42 0.017 0.23 0.017 0.046 0.0046 0.247A successfull example of this effort areA scc s~~l eam le f hi e fo t re8 0.050 (.25 0.020 0.22 0.018 0.051 0.0037 0. ''
the so called bake hardenable steels, where the
desired hardness is obtained by strain ageing

during baking treatment in the painting line of The composition (table I) was so chesen in
automotive industry, such a way that the influence of carbon, FW'flp2.-

The efficiency of strain ageing, as harden- nese, silicon and phosphorus, on the meclineal

ing mechanism, is associated with the presence, properties could be studied.

in significant amounts, of interstitial elements Figure 1 shows schematically the, route n-
in solid solution(2). This fact, in some way, dopted to process ingots to cold rolled Fhoet, .
has confined the production of bake hardenable The strain ageing sensitivity was evaluat-
steels to annealing process with high cooling ed according ta figure 2. The load-extension

rates(3,4). curves were generated using tensile test nieces
Since batch annealing process has a low cooling (ASTM-370) parallel to rolling direction. The

rate, the steel composition(5), and coiling tem- test pieces were 6.0% tensile piestrained at a
nerature(6) can strongly influence the total in- cross-head speed of 5mm/min and ;ubsequentiv a-
terstitial content of the steel at room temper- ged at 180°C for 20 minutes. The drawabilirv
ature. was evaluated by using Lankford R value and

The laboratory experiments were performed strain hardening coefficient (n).

to ident rir the main parameters that affect the INDUSTRIAl. TRIALS - The chemical composi-

production of bake hardenable steels by batch tion of experimental heat, based on pilot scale
.annealing process. results, is shown in table II. The latter in-

Based on these laboratory results an Al- cludes a D.D.Q. steel for comparison purposes.
ki!led bake hardenable industrial heat was pro- The experimental heat was produced by the

11-ed. The labortory bake hardenabilitv para- same process route adopted for D.D.Q. stool.

mot,; were compared with thai, of a finished Coiling temperature was fixed between 550 and
n;,n,,] produced in a automotive induistry with 600'C, and subiected to a 1.O skin pass. A 2.0W
the new product. prestrain in tension was adopted instead of 6,03:
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T,

T HEAT TREATMENT

M FT BA D 5 m = 900-c COLDROLING BATCH ANNEALING
N TAOO 75% 72

0
C X 15hL J WATER QUENCHING \HEAT TREATMENT (ARGON ATM)

B_ Il 00"CX8h

VACUUM SAND BLAST ING
MELTED Bz AND GRNDING To

INGOT LJM
SLAB 20mm 3.m

IZO*C x 30 min

FIC'. Lnbornto rv Process ing rounte

PROD ItT PERFORMIANCE - In I laoratorv St ii
the hake' 'ird'nab ilIi tv of materki is is evalu'ate-d
alfter a fixed prv'st rain follo e I . y ls an 3git'Innz

IF- reant ment of I80 C x 20 in flntes. On an indus-
6 ;~ri a I pai iii ng I i n.' iowver ,the pressed , mpo-

tennt is sO patat t, a sequence of heat tr'eat -
'ants in the order listed in table IV.

-j

JALll IV - Ihermal treatment at a .'ont initis

STRA AY-YIELD STRENGTH INCREASEDUE TO AGEING .ita!pnti:1
&00/ AW- YIELD SI4ENGTH INCREASE DUE TO HARDENING SCHEDULETHRA

&U - TENSILE STRENGTH INCREASE DET GIGNME ECITO HRAi=LDNEATo N-..- UME DSRITO TREATMENT
W , - Ian i-,'xt.''-ion diagram (Pe~~'.~ '-

VABLE I I - I~ i. a omipo -itio oft i ndist rial

EL EWNTS C Mn S AT S N 0 P 4Si

!n laharatI- Ynmrpl,.'- tinar w'ron' tern'.r A Iih..rntor 4"I;ation~ ofthe tin'
'1 I..d IFor hotter t..rmnhilIit' vva lint on a traltmnt s rcq ' ' inthIi p1 op.ii~ ria .

* -minyi I 'ai diagr-am of no'w mate'r i al WA la Oib. V.
tawtn( 7 ) InI order- to It t, t l' a1 r n t It, lu

Tale Il!lin ts the' t.nsil,' pro perties. due' to strain] arv.iny underi I~tnal pta,!
'!ras'abi its ind.ice's, hake linrdletnalIits' parn- oni t .nq, test, wetre cntti,d oit o.n a -,

mt,'r- (2.0 pn'st rain plus 80O x 2(1 minultes, quarter' pane.l o!.-A cir .A ri'r'l, lHank vn'.
n&m nsilts ot metal lograpllik examination of 'ormod. in an aul mt is', plant, "ndtt- ''

p' r im-i- ta and ).DP.Q, Ste, ondi, twn ol panel pt oj, I ii AThis pane' X3I~

TABLE !II - Coumparisotn of me. linnial prope'rties atnd tvii t rai
siz iof experimerntal and D. D.Q stee'l

ORIGINAL MECHAN- BAKE HARDENABI MECHANICAL PROPER
ICAL PROPERTIES LITY TIES AFTER PRE- DRAWABILITY GRAIN

180*C x 20 min STRAIN AND BAKING SIZE
STEEL (MPa) (MPa) (MPa) *

Y.S. T.S. EL * A W AD Y.E. T .El. * R A ASTNMZ Qz)

LXI'ERIMENFAL 238 374 39 41 44 81 322 383 36 I1.80 0.20 10.25 9.0
E.E.P. (89 119 48 IS 32 8S 236 325 48 .80 0.22 0.81 8.5

*Gage' LengthI = 50 m
2.07 pre'-st rain and 18(1 Cx 20 minutes
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TABI.E V -LabOra tory re suits i mulIat jun TABLE VI - Mechanical properties of panel

Y..Y.S, A EL (%) Ts Ay oAxcw-after baking

STGS(la) . GL*-(lea) (lea) (lea) (%) rIONt PRESTRAIN Y.S. T.S. E%)Acr Atu
(lea) 503 n MAERA REIO (S)*) (la) (lea) GL-(lea) (lea)
1 3 1 838 3 417180CC X 50 m

23 1 8 38 3 41712 min ORIGINAL- - 238 374 39 - -

A 'n39 8 1.- 1851C x
:'30 38 378 9 821 22 min 1 h.24 323 387 37 85 13

1600C x 2 2.9i 337 393 38 99 19
Ai 736 3 41722 sin PANEL(-) 3 3.32 364 395 36 126 21

A14 837 4 0181851C x 4 3.00 372 39, 35 134 23
7 min 5 4.15 368 398 34 1212 24

-> 78 37 85 1.8 141 x STM' A-370 - sub-size
27min Equivalent Strain

"ec10 Strengti alter ageing

-imCr-5s ' .8 mmr

ro,1iye ally surftace coating,5 but w-as submit ted
toith same ih-at treatments of commerc ialI pa---
rils. Figcure 3 shows a sketch of the panel and 40 ---

II'.fiv posit ions from which tensile test- *
p~~swere ex tracted. These reg ions were se-

l;t>-d because tiles had low deformat ion and 0

rhvallowedm fiat tensile test pieces to be 22

talkenl. Tile arrows ( figure 31 indicate tihe ma- I --- A
srt railn directioens and thin tens ilie test 2 -

piee or Iit at i ons

A U

01 .6 3 01 05
(P+Si)%

-I. Effect of (P + Si) Wt' on tin' bake Wr

denabili lv samples heat treated 150 C x

3 8 hours

rus increase hake hardenabiIi ty,( 5). As f or si -
l icon it tenlds to form a barrier around tin

carhides and so retard its growtil(5, 8,9).1h

off-ct of carbon and mangane so on tile hake i r -

denabiIi ty of scrnples heat treated to 45(1 C and1
- MAJOR STRAIN DIRECTIONS 7004' for 8 hours is presente i1 n figeii R.11.-

~ DIRECTIONS WHERE TEST PIECES WERE ta suggest tint Ivo~r contents of carbon and, man-

CUT FROM ganese are beneficial to bake iiardena ilit'c.
At room temperature, carbon iln soli -1w

Fi_.T - Pane.l draw showing regions where test L ion depends on tin annlealing temlperatulre,-

pieceos were cut f rom mlount of cement ite and total carbnon of to101 i1H,

11). If he total carbon is increased and ani-
At leaqt nine measurements wore taken at neal ing temperature is kept constant, the ce-

'a h I lith' live locat inns anii the mean .'qui- mentite acts as nuclei for carbon precipitationl.
val-nr st rain valu-s are given in table VI Manganese behaves as a cement ite stahilii

r ~hr withI the tensilei propert iesi231. and reduces tihe effect of carbon on age harden-
ing sensi tivit'v(5,8,11).

RSi'lTS AND tIISUtSS IO(N Tile in flIuence of chem ical C -mpos ition on
Lankford Ri value, for samples heat t reatedl dt

iii' ef fect ol total phosphtoruis plus sili- 451)'C and 7004 Cdurling 8 hours is silown ill

oM content o1n till bake ilat-Inahi lit v is sholwnl figure 6.
inl I igr 511' . These data shlow that, at low catrbon anld

it is ovidunt1 that for (P 4- Si)I contents m langaneuse conitenlts tile steel Iexib it better

're Itur Tihan I0.1". it is polssible to achlieve' forming chiaracte'rist ics. This observatio 00on-l

.1 and( Al values hligiher Than 30 MPa and 10 firms tilt results of previous stildies(12 14),
AiIa rpspil t i vi- I where tile deteor ioration ouf Lank ford R value.

Gra in boulndary sogregat ion ;n preference 1du1 to the i ncrease'd cal-hon and 'manganese coil-

tcarbon sem t'''o- l b1' thle reasonl wit' plllsplo- tents, was assoc iated with a decrease of
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A

20 -show that the drawability of the steel is s-
perior to that of standard aluminum killed

I- 1 O steels(15,16). However some authors have report-
0. ed(17,18) contrary results. Present work hag

I0 I shown that the increase in Lankfnrd value due

5 - 0 450-C to phosphorus is negligibly small. It appears
that the role of phosphorus is to increase the0 0-C mechanical strength of the steel without dete-

40 - riorating its drawability. This behavior of

~0 - phosphorus can be extended to silicon, in a-
a- 30 F greement with other papers(19).

2 Figure 5 showed an increase in bake har-
2 denability when the coiling temperature in-

-creased from 450'C to 700'C. It seems that
this behavior is related to cementite size,

S I Idistribution and morphology, as observed in
2 3 4 5 10 20 30 40 figure 7.

CXlO2(mw Mnx 10 t(%) Considering sample 8 as a general case,

FIG.5 - Effect of carbon and manganese on the cementite in material hot rolled and coiled at
bake hardenability. Samples heat 450'C was found to be randomly distributed.
treated at (450'C and 700'C) x 8 h The material coiled at 700°C showed coarse ce-

mentite with a tendency to concentrate prefe-

rentially along grain boundaries. After an-

Rnealing the cementite characteristics kept a

LS-4601C close relation with that observed in as hotTOMr "# r rolled material.
77 The increase in mean free path of cemen-

1 f 4  
- I_ ----4-- tite in material coiled at 700'C, makes carbon

atoms diffuse through larger distances to pre-

cipitate(6), favouring a large amount of this

element in solid solution at room temperature.

U !Drawability is strongly decreased with in-
Cx1O2(oO/o) Mnxl02 (o/o) Sixl0 2(/o) Pxl0 2 (%) creasing coiling temperature (figure 6). This

observation agrees with the theory(20,21) that,
FIG.6 - Effect of chemical composition on R if aluminum nitride precipitated during hot

value, samples heat treated (450'C rolling for material processed by batch anneal-
and 700'C) x 8 h ing it produces a texture unfavorable for draw-

ing.
'1 } uvw> texture component and smaller re- From the present study it was clear that
_:rvstallized grains. The mechanism bv which the coiling temperature must be chosen as a
arbon and manganese affect texture is not com- compromise between bake hardenability and

pl~telv clear vet. As for the influence of drawability.
phpphorus, data published in the literature From table III it follows that the new ma-

450Cx8h 700*Cx8h

720* x 3 hAS HOT RO 72*Cx 5j

COLD ROLLED AND ANNEALED J

FTC.7 - Cementite morphology as a function of heat treatment
Sample 8 - (Picral 4Z - 200x)
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terial gives a significant mechanical strength nel at a equivalent strain of 2% was aproxima-

increase while mantaining the same formability tely the same as that observed in the laboratory
capacity of D.D.Q. steel. An additional advan- simulation test.

tage was that the material gave an increase of
about 40 MPa in AY, besides a lower planar ani- CONCLUSIONS

sotropy AR.
Figure 8 presents the F.L.D for both The evaluation of the effect of chemical

steels. As can be observed the curves are very composition (carbon, manganese, silicon and
similar, mainly in the drawing region. In the phosphorus) and coiling temperature on the bake
stretch region the difference can be attributed hardenability and drawability of aluminum kil-

to coefficient n but both steels present excel- led steels gave the following conclusions:
lent forming characteristics. - The bake hardenability is reasonably in-

creased by lowering carbon and manganese con-

tents and adding silicon and/or phosphorus,

even for slow heating rates during annealing.
- The use of a steel with carbon content

about 0.02% and manganese about 0.2% and sili-

con plus phosphorus in the range of 0.1 to

0.6% allows an increase of more than 30 MPa in

yield strength and 10 MPa on tensile strength.

..1 0.4- The chemical composition studied produ-
;r- ces a material with good drawing properties.

0.3 -Lowering carbon and manganese contents below

the level of usual drawing quality steels im-
proves Lankford R value. With the addition of

silicon or phosphorus, R value is not apparen-

- EXPERIMENTAL tly affected.
.I- The use of high coiling temperature in-

creases the bake hardenability and decreases
drawing char,-teristics (R value).

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 5 - It has been possible to produce on in-
62 dustrial scale a medium strength bake hardena-

FIG.8-F.L.D for D.D.Q and experimental steels. ble steel, with good drawing characteristics,

thickness = 0.8 mm using batch annealing process.

- Formed panels with small strains (-2%)
The results of laboratory simulation of an could achieve an incrcase in yield strength of

industrial painting line (table V) show that 90 MPa after processing on the industrial line.
after the first heat treatment no more changes - The treatment of 180'C x 20 minutes ade-
in mechanical properties occur in material. Al- quately simulates an industrial painting line
so the "trength reaches its peak value in the for this material, because no change in mecha-
initial treatment and no hardening of softening ical properties can be observed after this

is observed in subsequent treatments. These re- treatment.
sults together.with those of previous studies

(22) lead to the conclusion that bake harden- REFERENCES

ing can be simulated successfully by a single
heat treatment of 180°C x 20 minutes in labora- I - Takeshi, H. - Recent Developments in Pro-
torv. duction Technology ot Automotive High

The test results of the industrial panel Strength Steel Sheet, Nippon Steel Cor-
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